Supersymmetric radiative corrections to top quark and Higgs boson physics by Guasch, J
hep-ph/9906517
Departament de Física
Universitat Autònoma de Barcelona
Grup de Física Teòrica
Supersymmetric radiative corrections to top
quark and Higgs boson physics
Jaume Guasch Inglada
Universitat Auto`noma de Barcelona
Grup de F´ısica Teo`rica
Institut de F´ısica d’Altes Energies
Memoria presentada com a Tesi Doctoral per a optar al ttol de Doctor en Fsica per la Universitat Autonoma de
Barcelona.
Aquesta memoria es la tesi doctoral
“Supersymmetric radiative corrections to
top quark and Higgs boson physics”
Fou realitzada per en
Jaume Guasch Inglada
sota la direccio del
Dr. Joan Sola` i Peracaula
professor titular de Fsica Teorica de la Facultat de Ciencies de la Universitat Autonoma de Barcelona.
Va ser llegida el dia 18 de gener de 1999 a la sala de seminaris de l’IFAE de la Universitat Autonoma de
Barcelona.
Tesi publicada per la Universitat Autonoma de Barcelona amb ISBN 84-490-1544-8
Podriem dir que aquesta tesi e´s ba`sicament filla meva, pero` les criatures tambe´ te´nen un avi, sense el qual
mai haurien pogut arribar a ne`ixer, en aquest cas l’avi e´s en Joan Sola`. Des d’un primer moment (i fins a l’ultim
minut!) hem treballat dur. Quan sorgeix algun problema imprevist, sempre hi sol haver alguna carpeta d’apunts
que ens simplifica la vida. A partir de la teva tesi hem pogut anar desgranant els camins cap a nous mons. He
tingut la oportunitat de treballar, ben encarrilat, pero` amb forc¸a llibertat. Gra`cies per haver tingut la oportunitat
de treballar amb tu.
Les criatures mai van soles, si no estan acompanyades de canalla de la mateixa edat (any me´s, any menys) els
falta alguna cosa, i als pares tambe´! aquesta tesi ha anat creixent al costat d’altres, amb col·laboracions, cafe`s, sub-
rutines FORTRAN agafades, deixades, robades . . . , codi Mathematica i LATEX amunt i avall, discussions (de f´ısica i,
sobretot, d’altres coses), acudits, . . . , me´s d’un ensurt (on c. . . defineixes la massa del bottom!!!, H. . . no ho se´!!),
que, afortunadament, gairebe´ sempre s’acaben en res (ufff! e´s al common Other Standard Model Masses new 2),
tot aixo` gra`cies al companys meravellosos del SUSY Team de l’IFAE, en David, en Ricard i en Toni, si els hague´s
d’agrair tot el que m’han ajudat (comenc¸ant pels inicis dif´ıcils amb els ordinadors, i acabant per nombrosos sug-
geriments i correccions) no cabrien en aquesta plana.
A la f´ısica no tot es SUSY, hi ha tambe´ reticles, bombolletes a l’univers, etc., i gra`cies a aquestes coses hi ha
companys de doctorat que entre cafe`s, sopars, i costellades, ens ajuden a pujar la moral.
Gracies tambe´ als membres del Grup de F´ısica Teo`rica de l’U.A.B. per haver-me ofert la possibilitat de
realitzar-hi el doctorat. Voldria agrair ademe´s la col·laboracio´ del Prof. Wolfgang Hollik en alguns dels treballs
presentats en aquesta tesi.
A la vida no tot es feina, tot que de vegades es barregin les coses. Gra`cies Siannah per tot el que has fet, pel
teu suport, i tambe´ per les nombroses correccions i suggeriments a aquest manuscrit. Perdona’m el que durant la
seva preparacio´ no t’hagi tractat com et mereixes.
Retornant al tema familiar, voldria agrair el suport que sempre he rebut per part dels meus pares, Rosa i
Ramon M., els quals sempre m’han ajudat i animat en tot allo` que he volgut fer.
Aquest treball ha estat possible gra`cies a la beca de la Generalitat de Catalunya 1995FI-02125PG.
This Thesis has been written using Free Software.
The LATEX2ε Typesetting system.
Feynman graphs using feynMF –T. Ohl, Comput. Phys. Commun. 90 (1995) 340, hep-ph/9505351.
Plots using Xmgr plotting tool (http://plasma-gate.weizmann.ac.il/Xmgr/).
GNU Emacs.




2 The Minimal Supersymmetric Standard Model (MSSM) 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Field content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 MSSM spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Interactions in the mass-eigenstate basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 MSSM parametrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3 MSSM renormalization 19
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 A note on the gauge sector renormalization . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Fermion renormalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Higgs sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Sfermion renormalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4 FCNC top decays into Higgs bosons in the MSSM 34
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2 One-loop FCNC decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 SUSY-EW contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.4 SUSY-QCD contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5 One-loop corrections to scalar quark decays 45
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Vertex renormalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3 Tree-level results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.4 QCD corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.5 Yukawa corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6 Conclusions 58
Bibliography 61
List of Figures 72
List of Tables 74





In this Thesis we have investigated some eects appearing in top quark observables, in the framework of
the Minimal Supersymmetric Standard Model (MSSM).
The Standard Model (SM) of Strong (QCD) and Electroweak (EW) interactions has had a great
success in describing the nature at the Electroweak scale, and its validity has been tested up the the
quantum level in past and present accelerators, such as the LEP at CERN or the Tevatron at Fermilab.
The last great success of the SM was the discovery in 1994 of its last matter building block, namely the
top quark, with a mass of mt = 173:8 3:2 3:9 GeV=c2. However the mechanism by which all the SM
particles get their mass is still unconrmed, since no Higgs scalar has been found yet. The fermions couple
to Higgs particles with a coupling proportional to its mass, so one expects that the large interactions
between top and Higgs particles give rise to large quantum eects.
We have focused our work in the MSSM. This is an extension of the SM that incorporates Super-
symmetry (SUSY). Supersymmetry is an additional transformation that can be added in the action of
Quantum Field Theory, leaving this action unchanged. The main phenomenological consequence of it is
that to any SM particle (p) there should exist a partner of it, which we call sparticle (~p). This extension of
the SM provides elegant solutions to some theoretical problems of the SM, such as the hierarchy problem.
We have computed the radiative corrections to some top quark observables, using the on-shell renor-
malization scheme, and with a physically motivated denition of the tan parameter. tan is the main
parameter of the MSSM, and it governs the strength of the couplings between the Higgs bosons and the
fermion elds (and its superpartners).
We have computed the SUSY-EW corrections to the non-standard top decay partial width into a
charged Higgs particle and a bottom quark Γ(t! H+b). We have found that these corrections are large
in the moderate and specially in the high regime of tan, where they can easily reach values of EW (t!
H+ b) ’ +30% for negative  and a \light" sparticle spectrum, and EW (t! H+ b) ’ +20% for positive
 and heavy sparticle spectrum. In both cases we have singled out the domain At < 0 of the parameter
space, which is the one preferred by the experimental data on radiative B-meson decays (b ! sγ). We
have singled out the leading contribution to this corrections, which is the supersymmetric contribution
to the bottom quark mass renormalization constant mb=mb. It is proportional to −At and shows a
possible non-decoupling eect. The contributions from Higgs particles is tiny, and can be neglected. We
have added this corrections to the known Strong corrections (QCD ’ −60%, SUSY−QCD ’ +80% and
SUSY−QCD ’ −40%) and we have look at its impact on the interpretation of the Tevatron data. The
standard analysis (using only QCD) implies that for a charged Higgs mass of MH = 110 GeV the values
of tan  50 are excluded. If this charged Higgs boson belongs to the MSSM the excluded values are
tan  35 or tan  75 for the two scenarios presented above. So no model independent bound on the
charged Higgs mass can be put from present experimental data.
We have looked at the possibility that the top quark could decay via Flavour Changing Neutral Current
(FCNC) into a neutral Higgs particle and a charm quark. We have computed the EW contributions
and the QCD contributions, using a mass model motivated by Grand Unication Theories (GUT), but
not restricted to any specic GUT. We have included the full interaction lagrangian between all the
particles. The upper theoretical bounds are found to be BRSUSY−EW(t ! c h) < several  10−6 and
BRSUSY−QCD(t! c h) < several  10−4 and the typical values for this ratio are 10−8 and 10−5− 10−4
for the SUSY-EW and SUSY-QCD induced FCNC decays respectively. The Higgs and the purely SUSY
contributions to the EW induced process are of the same size, and can be of the same or opposite sign.
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We have found that the SUSY-QCD induced FCNC decay widths are at least two orders of magnitude
larger than the SUSY-EW ones in most of the parameter space, thus making unnecessary the computation
of the interference terms. The value of this branching ratio is too small to be measured either at the
Tevatron or at the Next Linear Collider (LC)1, but there is chance that it could be measured at the Large
Hadron Collider (LHC).
If bottom-like squarks (the superpartners of bottom quarks) are heavy enough they could decay into
a top quark and a chargino (the superpartners of gauge bosons and Higgs bosons): ~b ! t−. This
could serve as an unexpected source of top quarks at the Tevatron, at the LHC, or at the LC. We have
computed the QCD radiative corrections and the leading EW corrections to this partial decay width. The
QCD corrections are dominant, they are negative in most of the parameter space, and are of the order
of QCD(~b1 ! t −1 ) ’ −60%, QCD(~b2 ! t −1 ) ’ −20% for a wide range of the parameter space. EW
corrections can be of both signs. These corrections have been computed in the higgsino approximation,
which gives the leading behaviour of the EW corrections. Our renormalization prescription forces the
physical region to a narrow range. Within this restricted region the typical corrections vary in the range
EW (~b1 ! t −1 ) ’ +25% to −15% EW (~b2 ! t −1 ) ’ +5% to −5%. However we must recall that these
limits are qualitative. In the edge of such regions we nd the largest EW contributions. We stress that
in this case it is not possible to narrow down the bulk of the corrections to just the renormalization of
the bottom quark Yukawa coupling.
Our general conclusion is that the supersymmetric strong and electroweak radiative corrections can be
very important in the top/bottom-Higgs super-sector of the MSSM. Therefore, it is necessary to account
for these corrections in the theoretical computation of the high energy physics observables, otherwise
highly signicant information on the potentially underlying SUSY dynamics could be missed. This is
true, not only for the future experiments at the LHC and the LC, but also for the present Run I data
(and the Run II data around the corner) at the Fermilab Tevatron collider.
1Note Added: See however note on section 4.5 (pg. 44).
Chapter 1
Introduction
Recently, the Standard Model (SM) of the strong (QCD) and electroweak (EW) interactions [1{3] has
been crowned with the discovery of the penultimate building block of its theoretical structure: the top
quark, t [4, 5]. At present the best determination of the top{quark mass at the Tevatron reads as
follows [6]:
mt = 173:8 3:2 (stat.)  3:9 (sist.) GeV : (1.1)
While the SM has been a most successful framework to describe the phenomenology of the strong and
electroweak interactions for the last thirty years, the top quark itself stood, at a purely theoretical level
{namely, on the grounds of requiring internal consistency, such as gauge invariance and renormalizability{
as a rm prediction of the SM since the very conrmation of the existence of the bottom quark and the
measurement of its weak isospin quantum numbers [7]. With the nding of the top quark, the matter
content of the SM has been fully accounted for by experiment. Still, the last building block of the SM, viz.
the fundamental Higgs scalar, has not been found yet, which means that in spite of the great signicance
of the top quark discovery the theoretical mechanism by which all particles acquire their masses in the
SM remains experimentally unconrmed. Thus, it is not clear at present whether the SM will remain as
the last word in the phenomenology of the strong and electroweak interactions around the Fermi’s scale
or whether it will be eventually subsumed within a larger and more fundamental theory. The search
for physics beyond the SM, therefore, far from been accomplished, must continue with redoubled eorts.
Fortunately, the peculiar nature of the top quark (in particular its large mass{in fact, perhaps the heaviest
particle in the SM!{ and its characteristic interactions with the scalar particles) may help decisively to
unearth any vestige of physics beyond the SM.
We envisage at least four wide avenues of interesting new physics potentially conveyed by top quark
dynamics and which could oer us the clue to solving the nature of the spontaneous symmetry breaking
(SSB) mechanism, to wit:
1. The \Top Mode" realization(s) of the SSB mechanism, i.e. SSB without fundamental Higgs scalars,
but rather through the existence of tt condensates [8];
2. The extended Technicolour Models; also without Higgs particles, and giving rise to residual non-
oblique interactions of the top quark with the weak gauge bosons [9];
3. The non-linear (chiral Lagrangian) realization of the SU(2)L  U(1)Y gauge symmetry [10{12],
which may either accommodate or dispense with the Higgs scalars. It can also generate additional
(i.e. non-standard) non-oblique interactions of the top quark with the weak gauge bosons [13, 14];
and
4. The supersymmetric (SUSY) realization of the SM, such as the Minimal Supersymmetric Standard
Model (MSSM) [15{18] (see also [19] for a comprehensive review), where also a lot of potential new
phenomenology spurred by top and Higgs physics might be creeping in here and there. Hints of this
new phenomenology may show up either in the form of direct or virtual eects from supersymmetric
Higgs particles or from the \sparticles" themselves (i.e. the R-odd [15{18] partners of the SM
particles).
In this Thesis, we shall focus our attention on the fourth large avenue of hypothetical physics beyond
the SM, namely on the (minimal) SUSY extension of the SM, the MSSM, which is at present the most
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predictive framework for physics beyond the SM and, in contradistinction to all other approaches, it has
the virtue of being a fully-fledged Quantum Field Theory. Most important, on the experimental side the
global t analyses to all indirect precision data within the MSSM are comparable to those in the SM; in
particular, the MSSM analysis implies that mt = 172 5 GeV [20,21], a result which is compatible with
the above mentioned experimental determinations of mt.
Moreover the SUSY theories are a step forward in the search for an unied theory. On the \light
energy" point of view a simple supersymmetrized version of the SM yields to a unication of the three
gauge couplings of the SM, at a scale of  ’ 1016 GeV [22] . On the \high energy" point of view these
theories can be embedded in a more general framework, Superstring Theories, these theories provide
a unication of \Classical" Quantum Field Theory with Einstein’s Gravitational Theory. Some SUSY
models of unication have been constructed, that provide unication at large scales, the most hard
constrain that they must fulll is to reproduce the SM at the EW scale within the present experimental
constrains. Maybe the most popular of such model is the so called \Minimal Supergravity" (mSUGRA)
[15{18].
If R-parity is conserved SUSY (i.e. R-odd) particles cannot decay into SM ones (see section 2.1),
thus the Lightest Supersymmetric Particle (LSP) is stable. The LSP is a good candidate for cold dark
matter, which is a necessity of the present cosmological models. Cold dark matter is necessary to explain
the flatness of the present universe, and the structure formation mechanism.
SUSY theories also provide answers to some SM questions, they provide a natural solution to the
\hierarchy problem" [23], that is, the impossibility, in the SM, of having two scales (the EW scale, and
the unication scale) with a large gap between them. This is due to the presence of quadratic divergences
in the one-loop correction of the boson masses. These divergences appear because of bosonic loops in the
mass correction. In SUSY theories each bosonic (fermionic) particle has associated a fermionic (bosonic)
partner, with the same quantum numbers and couplings, thus the fermionic loops cancel the quadratic
divergence of the bosonic loops, and the two scales remain stable.
Aside from these facts SUSY theories can be useful also in other subjects, for example they give us
hints about quark connement [24]. The excitement is so great that a sole event at the Tevatron, not
expected in the SM, has produced a full analysis of its expectation as a SUSY event [25].
All these in a hand, it seems that SUSY could be the solution of all our theoretical problems (or our
theoretical prejudices) in particle physics, however no supersymmetric particles have been found in the
high energy physics experiments yet, or, to put it in other words, only \half" of the MSSM spectrum has
been found (aside from the Higgs sector). Thus SUSY can not be an exact symmetry of nature at the EW
scale, and we would seem forced to abandon this nice framework. However there exist a mechanism of
breaking SUSY without losing its most important properties, it is called \Soft-SUSY-Breaking" [26]. At
scales lower than the Soft-SUSY-Breaking scale the model can be described by a set of parameters which
determine the spectrum of the SUSY partners of known particles. One thinks that when the masses of
the superpartners are large enough the supersymmetric particles eventually decouple [27], though it has
not been demonstrated yet.
Soft-SUSY-Breaking can be realized by means of dierent mechanisms. Each of these mechanisms
provides us with a dierent set of Soft-SUSY-Breaking parameters at the EW scale, determined by a
small set of parameters at high energies.
In this Thesis we will take the point of view that the MSSM is the eective theory at the EW scale
of a more fundamental theory, which we do not know about, thus we will treat the Soft-SUSY-Breaking
parameters as being arbitrary, within the allowed experimental range.
Radiative corrections [28, 29] have shown to be a powerful tool in particle physics for the last half
century. Recall the rst theoretical and experimental determination of the electron anomalous coupling
(g−2) [30] as one of its earliers applications, and the measurement of the radiative corrections to precision
EW observables (such as the relationMZ=MW ) at present high energy colliders as the most recent one (see
e.g. [31]). Radiative corrections are useful also to determine (indirectly) the existence, and the parameters,
of particles yet to be discovered. As a matter of fact the mass of the top quark was estimated, before its
direct observation at the Tevatron [4, 5], with the help of its radiative corrections to the MW − sin2 W
correlation [32]. One could think of estimating also the Higgs mass by this method, unfortunately the
one-loop Higgs radiative corrections enter this observable as the logarithm of its mass [33], whereas the
eect of the top quark grows quadratically with its mass.
It is a wonderful idea, spread all over the theoretical particle physicist community, the use of radiative
corrections to determine if there is any physics beyond the SM. One can look at the precision observables,
taken out of present high energy colliders, and search for deviations of the SM. We must note that present
precision data does not present signicant deviations from the SM expectations, but this has not been
always the case. Some time ago there was a a large discrepancy between the SM prediction and the
experimental measurement of the hadronic fraction of Z decays into bb pairs. This discrepancy could
be cured by introducing in the theoretical estimate the SUSY radiative corrections [34, 35] (see also a
complete study of the Z boson in the MSSM in [36, 37]). Nowadays this mismatch has been brought
down to non-signicant deviation (less than 1 standard deviation), however we learned that using these
precision measurements a precise prediction on the MSSM spectrum could be found trough global ts to
electroweak precision data [20, 21, 38].
In this Thesis we will address the important issue of the EW SUSY eects on top quark and Higgs
boson physics. The top quark presents a privileged laboratory for EW physics, due to its large mass (1.1),
as the Higgs particle couples to fermions proportionally to its mass. In the case of SUSY theories this
privilege is enhanced for several reasons. First of all the Higgs sector is extended into a so called \Type
II Two-Higgs-Doublet Model" (2HDM) [39], and the Yukawa couplings of the top{bottom weak doublet












where tan is the ratio between the vacuum expectation values of the two neutral scalar Higgs bosons
(see chapter 2). Notice that in this extension of th SM it is not only the top quark that can have
large Yukawa interactions with Higgs bosons. From (1.2) we see that at large tan  ( > 30) the bottom
quark Yukawa coupling also becomes important. Second, the presence of the superpartners of the top
and bottom quarks (\stop" and \sbottom") and those of the Higgs bosons (\higgsinos") raise up a very
interesting top-stop-Higgs-higgsino phenomenology.
The SUSY radiative corrections to the top quark standard decay mode into a charged gauge boson and
a bottom quark have been known since some time ago [40, 41] (see also [42] for an exhaustive analysis).
Also the conventional strong (QCD) corrections regarding the phenomenology of top and the charged
Higgs are well known [43{47], and its strong SUSY radiative corrections have been studied too [42,48,49].
Thus the following step is to determine the importance of the Yukawa couplings to the top{Higgs sector
phenomenology [50].
The aim of this Thesis is to study the eects of the radiative corrections to the top{Higgs sector in
the MSSM, by looking at unconventional decay and production modes. We will show that EW radiative
corrections are important, and this has an eect both in the interpretation of the present experimental
data (Tevatron Run I) [51] and on the prospects of measurements in future colliders (Tevatron Run II,
Large Hadron Collider -LHC-, and next Super Linear Collider -LC-) [52].
Moreover one expects that, if SUSY particle exists, they could be an unexpected source of top quarks
at high energy colliders. The observed top quark production cross section at the Tevatron is equal to the




dq dq (q q ! t t)  jBR(t!W+ b)j2 : (1.3)




dq dq (q q ! t t)  jBR(t!W+ b)j2
+
Z
dq dq (q q ! ~g ~g)  jBR(~g ! t~t1)j2  jBR(t!W+ b)j2
+
Z
dq dq (q q ! ~ba ~ba)  jBR(~ba ! t −1 )j2  jBR(t!W+ b)j2 + : : : ; (1.4)
where ~g stand for the gluinos, ~t1 for the lightest stop and ~ba(a = 1; 2) for the sbottom quarks. One
should also include electroweak and QCD radiative corrections to all these production cross-sections
within the MSSM. For some of these processes calculations already exist in the literature showing that
one-loop eects can be important on sparticle production [53{56] as well as on sparticle decays, both the
QCD [57,58] and the EW [59] MSSM corrections.
Thought we have been mainly interested in a scenario where the charged Higgs particle is lighter than
the top quark, an obvious question is what would happen if this charged Higgs is heavier than the top. We
have considered this issue in Ref. [60] (see also an exhaustive analysis in [61]). The radiative corrections
in the top-Higgs sector in the MSSM should be compared with those from the generic 2HDM’s. We have
been interested in these extensions of the SM in Ref. [62] and more work is currently in progress. The main
result is that if a charged Higgs boson is found, one could discriminate to what kind of model it belongs
by using radiative corrections. These calculations of radiative corrections are in the line of completing
(within the same order of perturbation theory) our previous studies of the full set of three-body decays
of the top quark in the MSSM [63].
The structure of this Thesis is as follows: in chapter 2 we give the basic notation of the MSSM used
throughout this Thesis; in chapter 3 we explore the renormalization of the MSSM, extending the well
known formalism used in the SM [28,29], and using a physically motivated renormalization prescription;
chapters ?? to 5 deal with explicit eects of the one-loop corrections on some physical processes of top
quark production and decay; and nally in chapter 6 we present the general conclusions. At the end we





It goes beyond the scope of this Thesis to study the formal theory of Supersymmetry [64, 65], however
we would like, at least, to give a feeling on what is it.
Supersymmetry (SUSY) can be introduced in many manners, maybe the most straightforward one
is adding to the space-time coordinates (t; ~x) another set of coordinates  ( = 1; : : : ; n the space-time
dimension) that are Grassmann variables, i.e. they anti-commute. Now the general \rotations" in this
space are a superset of the Poincare transformations of space-time. It is clear that being  Grassmann
variables the generators of the rotations that involve these coordinates will behave in a special way, and
indeed they do. These generators (usually called Q) anti-commute with themselves, so they do not form
an Algebra, but a Super-Algebra, and the SUSY transformations do not form a Lie Group. However
it turns out that it is the only external transformation that can be added to the Poincare Group, and
leave the Scattering (S) matrix untransformed. One can add as many \supersymmetries" (i.e. sets of
 variables) as the dimension of the space-time, thus if we introduce a single set of  it is said that we
have a N = 1 supersymmetry, and so on. The structure of the full set of coordinates (t; ~x; ) is called
Superspace.
The functions dened in the Superspace are polinomic functions of the  variables (since 2 = 0). Thus
we can decompose the functions (superelds) of this Superspace in components of 0, ,  , . . . each
of these components will be a function of the space-time coordinates. Analogously to the space-time,
we can dene in the Superspace scalar superelds, vector superelds, . . . For example in a 4-dimensional
space time with N = 1 supersymmetry a scalar supereld has 10 components.
There can be dened elds with specic properties with respect to the  variables. We are interested
in the chiral elds. A scalar chiral eld in a 4D N = 1 Superspace has 4 components, two of them
(the components of ) can be associated to be the components a Weyl spinor, the component of 0 is
a scalar eld, and the  component is the so called \auxiliary" eld. This auxiliary eld is not a
dynamical eld since its equations of motion do not involve time derivatives. To this end we are left with
a supereld, whose components represent an ordinary scalar eld and an ordinary chiral spinor. So if
nature is described by the dynamics of this eld we would nd a chiral fermion and a scalar with identical
quantum numbers. That is Supersymmetry relates particles which differ by spin 1/2. Had we started
with a N = 2 SUSY we would end with a set of particles of spin 0, 1=2 and 1 as a part of the same
scalar supereld, this is called a Supermultiplet. When a SUSY transformation (Q) acts on a supereld
it transform spin s particles into spin s 1=2 particles.
Thus, for a N = 1 SUSY, we nd that to any chiral fermion there should be a scalar particle with
exactly the same properties. This fact is on the basis of the absence of quadratic divergences in boson
mass renormalization, since for any loop diagram involving a scalar particle there should be a fermionic
loop diagram, which will cancel quadratic divergences between each other, though logarithmic divergences
remain.
Supersymmetric interactions can be introduced by means of generalized gauge transformations, and
by means of a generalized potential function, the Superpotential, which give rise to masses, Yukawa-type
7
interactions, and a scalar potential.
As no scalar particles have been found at the electroweak scale we may infer that, if SUSY exists,
it is broken. We can allow SUSY to be broken maintaining the property that no quadratic divergences
are allowed: this is the so called Soft-SUSY-Breaking mechanism [26]. We can achieve this by only
introducing a small set of SUSY-Breaking terms in the Lagrangian, to wit: masses for the components of
lowest spin of a supermultiplet; and triple scalar interactions. However, other terms like explicit fermion
masses for the matter elds would violate the Soft-SUSY-Breaking condition.
The MSSM is the minimal Supersymmetric extension of the Standard Model. It is introduced by
means of a N = 1 SUSY, with the minimum number of new particles. Thus for each fermion f of the
SM there are two scalars related to its chiral components called \sfermions" ( ~fL;R), for each gauge vector
V there is also a chiral fermion: \gaugino" (~v), and for each Higgs scalar H another chiral fermion:
\higgsino" (~h). In the MSSM it turns out that, in order to be able of giving masses to up-type and
down-type fermions, we must introduce two Higgs doublets with opposite hypercharge, and so the MSSM
Higgs sector is of the so called Type II (see section 2.4.1 and Ref. [39]).
We can dene the following quantum number
R = (−1)2S+L+3B ; S  spin ; L  lepton number ; B  barion number ;
called R-parity, which is 1 for the SM elds and −1 for its supersymmetric partners. In the way the
MSSM is implemented R-parity is conserved, this means that R-odd particles (the superpartners of SM
particles) can only be created in couples, also that in the nal product decay of an R-odd particle at
least one SUSY particle exists, and that the Lightest Supersymmetric Particle (LSP) is stable.
In this chapter we review the MSSM at the tree-level: its eld content (in sec. 2.2); its Lagrangian in
the Electroweak basis (sec. 2.3); its mass spectrum (sec. 2.4); in section 2.5 the interactions in the mass
eigenstate basis; and nally we make a short revision of the experimental constraints on the parameters
in section 2.6.
2.2 Field content
The eld content of the MSSM consist of the elds of the SM plus all their supersymmetric partners, and
an additional Higgs doublet, so the supereld content of the model will be:



























~D = ~dR ~U = ~u

R ;
Y = −1 Y = 2 Y = 13 Y = 23 Y = − 43 ;
(2.1)
for each generation of fermions






























Y = −1 Y = 1 :
(2.3)
All these elds suer some mixing, so the physical (mass eigenstates) elds look much dierent from
these ones. The gauge elds mix up to give the well known gauge bosons of the SM, W , Z
0
, A, the
gauginos and higgsinos mix up to give the chargino and neutralino elds, and nally the Left- and Right-
chiral sfermions mix among themselves in sfermions of indenite chirality. Let aside the intergenerational
mixing between fermions and sfermions that give rise to the well known Cabibbo-Kobayashi-Maskawa
(CKM) matrix. For the sake of simplicity in most of our work we will take no intergenerational mixing,
except in chapter 4, where we make an analysis of some FCNC eects.
2.3 Lagrangian












The superpotential contributes to the interaction Lagrangian (2.11) with two dierent kind of
interactions. The rst one is the Yukawa interaction, which is obtained from (2.4) just replacing





















jR + hd ~Hi1 ~Q















’i being the scalar components of superelds.
 Interactions related to the gauge symmetry, which contain:
– the usual gauge interactions
– the gaugino interactions:
V ~G ~ = i
p
2ga’ka (T a)kl  l + h.c. (2.7)
where (’;  ) are the spin 0 and spin 1=2 components of a chiral supereld respectively, T a is
a generator of the gauge symmetry, a is the gaugino eld and ga its coupling constant.
– and the D-terms, related to the gauge structure of the theory, but that do not contain neither







Da = ga’i (T
a)ij ’j ; (2.9)
’i being the scalar components of the superelds.










j ~D −muAuHi2 ~Q ~U
i
+ h.c. : (2.10)
The trilinear Soft-SUSY-Breaking couplings Af can play an important role, specially for the third
generation interactions and masses, and they are in the source of the large value of the bottom
quark mass renormalization eects (see section ??).
The full MSSM Lagrangian is then:























M ~wi ~wi − 12M
0 ~B0 ~B0
−m2~L ~L ~L−m2~R ~R ~R−m2~Q ~Q ~Q−m2~U ~U ~U −m2~D ~D ~D ; (2.11)
where we have also included the Soft-SUSY-breaking masses.
From the Lagrangian (2.11) we can obtain the full MSSM spectrum, as well as the interactions,
which contain the usual SM gauge interactions, the fermion-Higgs interactions that correspond to a Type
II Two-Higgs-Doublet Model [39], and the pure SUSY interactions. A very detailed treatment of this
Lagrangian, and the process of derivation of the forthcoming results can be found in [66].
2.4 MSSM spectrum
2.4.1 Higgs sector
When a Higgs doublet is added to the SM there exist two possibilities for incorporating it, avoiding
Flavour Changing Neutral Currents (FCNC) at tree level [39]. The rst possibility is not to allow a
coupling between the second doublet and the fermion elds, this is the so called Type I 2HDM. The
second possibility is to allow both Higgs doublets to couple with fermions, the rst doublet only coupling
to the Right-handed down-type fermions, and the second one to Right-handed up-type fermions, this is
the so called Type II 2HDM.
The Higgs sector of the MSSM is that of a Type II 2HDM [39], with some SUSY restrictions. After
expanding (2.11) the Higgs potential reads












(jH1j2 − jH2j22 + 12 g2 jHy1 H2j2 : (2.12)

























These VEV’s make the Higgs elds to mix up. There are ve physical Higgs elds: a couple of charged
Higgs bosons (H); a pseudoscalar Higgs (CP = −1) A0; and two scalar Higgs bosons (CP = 1) H0 (the
heaviest) and h0 (the lightest). There are also the Goldstone bosons G0 and G. The relation between
the physical Higgs elds and that elds of (2.3) is
H−1 = −(cos G− − sin H−) ;
H+2 = sin G
+ + cos H+ ;




cosH0 − sinh0 − i(cos G0 − sin A0) ;








where  is given in (2.17) [39].
All the masses of the Higgs sector of the MSSM can be obtained with only two parameters, the rst
one is tan (2.14), and the second one is a mass; usually this second parameter is taken to be either
the pseudoscalar Higgs mass MA0 or the charged Higgs mass MH . We will take the last option, as the
charged Higgs plays an important role in most of our studies. From (2.12) one can obtain the tree-level















2 − 4M2A0 M2Z cos2 2

; (2.16)
and the mixing angle between the two scalar Higgs is obtained by means of:













2.4.2 The SM sector
In this section we give some expressions to obtain some MSSM parameters as a function of the SM
parametrization.
As stated above (sec. 2.4.1) the VEV’s can be obtained by means of (2.14), and the Z mass can be
obtained at tree-level by the relation:





Fermion masses are obtained from the Yukawa potential (2.5) letting the neutral Higgs elds acquire
their VEV (2.13). The up-type fermions get their masses from the H02 whereas H01 gives masses to
down-type fermions, so


























The sfermion mass term is obtained from the derivative of the superpotential (2.6), the D-terms (2.8)
and the Soft-SUSY-Breaking terms (2.11) letting the neutral Higgs elds get their VEV (2.13), and one
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being Q the corresponding fermion electric charge, T qL3 the third component of weak isospin, M~qL,R the
Soft-SUSY-Breaking squark masses [15{18] (by SU(2)L-gauge invariance, we must have M~tL = M~bL ,
whereas M~tR , M~bR are in general independent parameters), s = sin W , and
MuLR = Au −  cot ; MdLR = Ad −  tan : (2.20)
We dene the sfermion mixing matrix as (~q0a = f~q01  ~qL; ~q02  ~qRg are the weak-eigenstate squarks,









cos q − sin q
sin q cos q

: (2.21)





M2~qL −M2~qR + cos 2(T qL3 − 2Qqs2W )M2Z
: (2.23)
From eq. (2.19) we can see that the sfermion mass is dominated by the Soft-SUSY-Breaking parameters
(M ~f  mf for f 6= top), and that the non-diagonal terms could be neglected, except in the case of the
top squark (and bottom squark at large tan ), however we will maintain those terms, the reason is that,
although the A parameters do not play any role when computing the sfermion masses, they do play
a role in the Higgs-sfermion-sfermion coupling -see eq. (2.40)-, and thus it has an eect on the Higgs
self-energies. Moreover these A parameters are constrained by the approximate (necessary) condition of
absence of colour-breaking minima,







where m~q is of the order of the average squark masses for ~q = ~t;~b [67{70].
All the Soft-SUSY-Breaking parameters are free in the strict MSSM, however some simplications
must be done to be able of making a comprehensive numerical analysis. As the main subject of study
are the third generation squarks we make a separation between that and the rest of sfermions. This
separation is justied by the evolution of the squark masses from the (supposed) unication scale down
to the electroweak scale [19] (see also section 2.6.1 for a more detailed discussion).
So we will use the following approximations:
 equality of the diagonal elements of eq. (2.19)
M2~qD M2~q11 = M2~q22 ; (2.25)
for each charged slepton and each squark of the the rst and second generation.
 the up and charm type sfermions share the same value of the parameter (2.25).
 the rst and second generation squarks share the same value of the A parameter (2.20).
 sleptons also share the same value for (2.25) and A parameters.
2.4.4 Charginos and neutralinos
Gauginos and higgsinos develop mixing due to the breaking of the gauge symmetry. To nd the mass
eigenstates we construct the following sets of two-component Weyl spinors
Γ+  (−i ~W+; ~H+2 ) ;
Γ−  (−i ~W−; ~H−1 ) ;
Γ0  (−i ~B0;−i ~W 03 ; ~H02 ; ~H01 ) :
(2.26)
Then from (2.5) (higgsino mass parameter ), the Soft-SUSY-Breaking masses (2.11) (gaugino mass
terms M , M 0), and replacing the Higgs elds by its VEV’s in (2.7), we obtain the following chargino and
neutralino mass Lagrangian



















CA+ h.c. ; (2.27)












M 0 0 MZ sins −Mz coss
0 M −MZ sinc MZ cosc
MZ sins −MZ sinc 0 −
−MZ coss MZ cosc − 0
1
CA : (2.29)






tan2 W : (2.30)
The mass matrices (2.28) and (2.29) are diagonalized by
UMV y = MD = diag (M1;M2) ;





































= C Ψ0T : (2.33)
In practice, we have performed the calculation with real matrices U , V and N , so we have been using
unphysical mass-eigenstates (associated to non-positively denite chargino-neutralino masses). The tran-
sition from our unphysical mass-eigenstate basis fΨg  fΨi ;Ψ0g into the physical mass-eigenstate basis
fg  fi ; 0g can be done by introducing a set of  parameters as follows: for every chargino-neutralino
Ψ whose mass matrix eigenvalue are Mi;M, the proper physical state, , is given by
 =

Ψ if  = 1
γ5 Ψ if  = −1 ; (2.34)
and the physical masses for charginos and neutralinos are m
i
= Mi and m0α = M
0
, respectively.
Needless to say, in this real formalism one is supposed to propagate the  parameters accordingly in all
the relevant couplings, as shown in detail in Ref. [63, 71]. This procedure is entirely equivalent [72] to
use complex diagonalization matrices insuring that physical states are characterized by a set of positive-
denite mass eigenvalues; and for this reason we have maintained the complex notation in all our formulae.
Whereas for computations with real sparticles the distinction matters [63, 71], for virtual sparticles the
 parameters cancel out, and so one could use either basis fΨg or fg without the inclusion of the 
coecients. We have stressed here the dierences between the two bases just to make clear what are the
physical chargino-neutralino states, when they are referred to in the text.
2.5 Interactions in the mass-eigenstate basis
We need to convert the interaction Lagrangian presented in section 2.3 to a Lagrangian in the mass-
eigenstate basis, which is the one used in the computation of the physical quantities. As the expression
for the full interaction Lagrangian in the MSSM is rather lengthy we quote only the interactions that we
will need in our studies. Explicit Feynman rules derived from these Lagrangians can be found in [71].
 fermion{sfermion{(chargino or neutralino): this interaction is obtained from the potential (2.7)























































+ h.c. ; (2.35)
where we have introduced the usual chirality projection operators PL;R = 12
(








i1 − tR(t)2a Ui2 ;
A
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i1 − bR(b)2a V i2 ;
A
(b)
























2a N1 : (2.36)
with YL and Y
t;b
R the weak hypercharges of the left-handed SU(2)L doublet and right-handed singlet
fermion, and t and b are { Cf. eq.(2.18) { the potentially signicant Yukawa couplings normalized
to the SU(2)L gauge coupling constant g.
 quark{squark{gluino: the supersymmetric version of the strong interaction is obtained from (2.7):









1a PL −R(q)2a PR

qj + h.c. ; (2.37)
where c are the Gell-Mann matrices.
 quark{quark{Higgs: this is the usual Yukawa interaction from Type II 2HDM, in the MSSM it
follows after replacing in (2.5) the mass-eigenstate Higgs elds (2.15):
LH+ud = gp2MW












uu− i cos uγ5uA0

; (2.38)
here we have replaced the Yukawa couplings hi in favour of masses and tan.
 squark{squark{Higgs: the origin of this interaction is twofold, on one side the superpotential deriva-
tive (2.6), and on the other the Soft-SUSY-Breaking trilinear interactions,










+ + h.c. ; (2.39)
where we have introduced the matrix1
gij =






 −md (+Ad tan)
−mu (+ Au cot) −mumd (tan + cot)

: (2.40)
 chargino{neutralino{charged Higgs: this interaction is obtained from (2.7), we note that in the
electroweak basis the only interaction present is the Higgs{higgsino{gaugino one
LHΨΨ0 = −gH+  +i
(

















Q0Ri = Vi1N4 − 1p2 (N2 + tan WN1)Vi2 :
 gauge interactions: in this Thesis we only need a small subset of the gauge interactions present
in the MSSM, so we will only quote the interactions of the W boson, and those of QCD. The
photon interactions are simply those of QED (and scalar QED). For a complete set of the Z boson
interactions see for example [37]
1Note that our convention for the µ parameter in (2.4) is opposite in sign to that of [39].
– quark{W:
LW+ud = gp2 uγ
PLdW
+
 + h.c. ; (2.42)
– squark-W:













@ ~db + h.c. ; (2.43)
– chargino{neutralino{W:
















CRi = − 1p2N4Vi2 −N3Vi1 :
– Higgs{W: after SSB there exist three dierent kind of gauge interactions for the Higgs (and
Goldstone) bosons [39], namely triple interactions of a gauge boson and two scalars, triple
interaction of two gauge bosons and a scalar, interaction between two gauge bosons and two
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+ h.c. : (2.45)
– quark strong interactions: this is the usual QCD Lagrangian





 qj : (2.46)
– squark strong interactions: aside from the well known scalar QCD Lagrangian, the scalar
potential (2.8) introduces quartic scalar interactions between squarks of order s, thus we
have











































If SUSY were an exact symmetry then only one parameter should be added to the SM ones (tan), but
we have to deal with a plethora of Soft-SUSY-Breaking parameters, namely
 masses for Left- and Right-chiral sfermions,
 a mass for the Higgs sector,
 gaugino masses,
 triple scalar couplings for squarks and Higgs.
This set of parameters is often simplied to allow a comprehensive study. Most of these simplications
are based on some universality assumption at the unication scale. In minimal supergravity (mSUGRA)
all the parameters of the MSSM are computed from a restricted set of parameters at the Unication scale,
to wit: tan; a common scalar mass m0; a common fermion mass for gauginos m1=2; a common trilinear
coupling for all sfermions A0; and the higgsino mass parameter . Then one computes the running of
each one of these parameters down to the EW scale, using the Renormalization Group Equations (RGE),
and the full spectrum of the MSSM is found.
We will not restrict ourselves to a such simplied model. As stated in the introduction we treat the
MSSM as an eective Lagrangian, to be embedded in a more general framework that we don’t know
about. This means that essentially all the parameters quoted above are free. However for the kind
of studies we have performed there is an implicit asymmetry of the dierent particle generations. We
are mostly interested in the phenomenology of the third generation, thus we will treat top and bottom
supermultiplet as distinguished from the rest. This approach is well justied by the great dierence of
the Yukawa couplings of top and bottom with respect to the rest of fermions. We are mainly interested
on eects on the Higgs sector, so the smallness of the Yukawa couplings of the rst two generations will
result on small eects in our nal result. We include them, though, in the numerical analysis and the
numerical dependence is tested. On the other hand, if we suppose that there is unication at some large
scale, at which all sfermions have the same mass, and then evolve these masses to the EW scale, then
the RGE have great dierences [19]. Slepton RGE are dominated by EW gauge interactions, 1st and
2nd generation squarks RGE are dominated by QCD, and for the 3rd generation squarks there is an
interplay between QCD and Yukawa couplings. Also, as a general rule, the gauge contribution to the
RGE equations of left- and right-handed squark masses are similar, so when Yukawa couplings are not
important they should be similar at the EW scale.
With the statement above in mind we can simplify the MSSM spectrum by taking an unied para-
metrization for 1st and 2nd generation squarks (same for sleptons). We will use: a common mass2 for
~uL and ~qR (m~u); an unied trilinear coupling Au for 1st and 2nd generation; a common mass for all ~L
and ~lR (m~ ); and a common trilinear coupling A 3.
For the third generation we will use dierent trilinear couplings At and Ab, as these can play an
important role in the kind of processes we are studying (see chapter ??). Stop masses can present a large
gap (due to its Yukawa couplings), being the right-handed stop the lightest one. We will use a common
mass for both chiral sbottoms, which we parametrize with the lightest sbottom mass (m~b1), and the
lightest stop quark mass (m~t1), as the rest of mass inputs in this sector. This parametrization is useful
in processes where squarks only appear as internal particles in the loops (such as the ones studied in
chapters ?? and 4), as one-loop corrections to these parameters would appear as two-loop eects in the
process subject of study. However in chapter 5 we deal with squarks as the main subject of the process
and in this case a more physical set of inputs must be used. We have chosen to use the physical sbottom
masses (m~b1 , m~b2) and the sbottom and stop mixing angles (~b, ~t) to be our main inputs. Again one-loop
eects on other parameters (such as Ab) would show up as two-loop corrections to the observables we are
interested in.
For the same reasons EW gaugino sector is also supposed to have small eects in our studies. Thus
the grand unication relation introduced in expression (2.30). Gluino mass (m~g), on the other hand, is
let free.
For the Higgs sector two choices are available, we can use the pseudoscalar mass MA0 , or the charged
Higgs mass MH . Both choices are on equal footing. As the charged Higgs particle is a main element for
most of our studies we shall use its mass as input parameter in most of our work. However in chapter 4
it is more useful to use MA0 .
Standard model parameters are well known, we will use present determinations of EW observables
[73{75]
MZ = 91:1867 0:0021 GeV
MW = 80:352 0:054 GeV
GF = (1:16637 0:00001) 10−5 GeV−2
m = 1777:05 0:29 MeV
(MZ)−1 = 128:896 0:090 : (2.48)
2Note that after diagonalization of the squark mass matrix the physical masses will dier slightly.
3See section 2.4.3 for the concrete denitions of these parameters.
QCD related observables are not so precise. On the other hand as the main results are not aected by
specic value of these observables we will use the following ones
mt = 175 GeV
mb = 5 GeV
s(mt) = 0:11 (2.49)
(the last gure corresponds to s(MZ) = 0:12).
2.6.2 Constraints
The MSSM reproduces the behaviour of the SM up to energy scales probed so far [38]. Obviously this is
not for every point of the full parameter space!
There exists direct limits on sparticle masses based on direct searches at the high energy colliders
(LEP II, SLC, Tevatron). Although hadron colliders can achieve larger center of mass energies than
e+e− ones, its samples contain large backgrounds that make the analysis more dicult. This drawback
can be avoided if the ratio signal-to-background is improved, in fact they can be used for precision
measurements of \known" observables (see e.g. [76]). e+e− colliders samples are more clean, and they
allow to put absolute limits on particle masses in a model independent way.
The most stringent bound to the MSSM parameter space is the LEP II bound to the mass of charged
particles beyond the SM. At present [77{79] this limit is roughly
Mcharged > 90 GeV : (2.50)
Specic searches for Supersymmetric particles are being performed at LEP II, negative neutralino
searches rise up a limit on neutralino masses of [78]
M01
> 30 GeV ; (2.51)
it turns out that after translating this limit to the  −M parameters it is less restrictive than the one
obtained for the charginos from (2.50).
Actual Higgs searches at LEP II imply that, for the MSSM neutral Higgs sector [80]
Mh0 > 72:2 GeV ; MA0 > 76:1 GeV : (2.52)
Notice that without the MSSM relations there is no model independent bound on MA0 from LEP
[81]. Actual ts to the MSSM parameter space project a preferred value for the charged Higgs mass
of MH ’ 120 GeV [82].
Hadron colliders bounds are not so restrictive as those from e+e− machines. Most bounds on squark
and gluino masses are obtained by supposing squark mass unication in simple models, such as mSUGRA.
At present the limits on squarks (1st and 2nd generation) and gluino masses are [74]
m~q > 176 GeV ; m~g > 173 GeV : (2.53)
From the top quark events at the Tevatron a limit on the branching ratio BR(t ! H+ b) can be
extracted, and thus a limit on the tan −MH relation. We will treat this limit in detail in chapter ??.
Finally indirect limits on sparticle masses are obtained from the EW precision data. We apply these
limits through all our computations by computing the contribution of sparticles to these observables and
requiring that they satisfy the bounds from EW measurements. We require new contributions to the 
parameter to be smaller than present experimental error on it, namely
new < 0:003 : (2.54)
We notice that as new is also the main contribution from sparticle contributions to r [37], new
contributions to this parameter are also below experimental constrains. Also the corrections in the -
and GF -on-shell renormalization schemes will not dier signicantly (see section 3.1).
There exist also theoretical constrains to the parameters of the MSSM. As a matter of fact the MSSM
has a denite prediction: there should exist a light neutral scalar Higgs boson h0. Tree-level analysis put
this bound to the Z mass, however the existence of large radiative corrections to the Higgs bosons mass
relations grow this limit up to  130 GeV. Recently the two-loop radiative corrections to Higgs mass
relations in the MSSM have been performed [83{85], and the present upper limit on Mh0 is
Mh0  130− 135 GeV : (2.55)
The two gures in (2.55) have been computed by dierent groups [83{85] and there is a great interest
in make them match [85]. It is very important to know as precise as possible this limit, as by means of
a possible Run III of the Tevatron collider (TEV33, at the same energy, but higher luminosity) either a
h0 should be found, or on the contrary a lower limit to its mass in the ballpark of 130 GeV will be put.
Thus it is of extreme importance to have both, a very precise prediction for the bound (2.55), and a very
precise analysis of the Tevatron data. Of course if the MSSM is extended in some way this limit can be
evaded, though not to values larger of  200 GeV [86,87].
Another theoretical constraint is the necessary condition (2.24) on squark trilinear coupling (A) to
avoid colour-breaking minima. This constraint is easily implemented when the A parameters are taken
as inputs, but if we choose a dierent set of inputs (such as the mixing angle ~q, as in chapter 5) then it
constrains the parameter space in a non-trivial way -eq. (5.10).
Whatever the spectrum of the MSSM is, it should comply with the benets that SUSY introduces
into the SM which apply the following condition is fullled:
MSUSY < O(1 TeV) : (2.56)
If supersymmetric particles had masses heavier than the TeV scale then problems with GUT’s appear.
This statement does not mean that SUSY would not exist, but that then the SM would not gain practical
benet from the inclusion of SUSY.
A similar upper bound is obtained when making cosmological analyses, in these type of analyses one
supposes the neutralino to be part of the cold dark matter of the universe, and requires its annihilation
rate to be suciently small to account for the maximum of cold dark matter allowed for cosmological
models, while at the same time suciently large so that its presence does not becomes overwhelming.
Astronomical observations also restrict the parameters of SUSY models, usually in the lower range of the
mass parameters (see e.g. [88]).
For the various RGE analysis to hold the couplings of the MSSM should be perturbative all the way
from the unication scale to the EW scale. This implies, among other restrictions, that top and bottom
Yukawa couplings should be below certain limits. In terms of tan this amounts it to be conned in the
approximate interval
:5 < tan < 70 : (2.57)
All these restrictions will apply in all our numerical computations. Any deviation from this framework




In this chapter we perform the renormalization of the MSSM in the on-shell scheme. We do not pretend
to make all the renormalization procedure, but just sketching what are the necessary ingredients of this
renormalization and giving expressions for some non-SM two-point functions. The renormalized three-
point Green functions are the subject of the forthcoming chapters. We will not give the full expressions for
the gauge bosons self-energies, or the  and r parameters, since these have been subject of dedicated
studies [34, 36, 37, 66, 89{94]. On the other hand the various counterterms and self-energies given in this
chapter are general. We have left some expressions out of this chapter as they are approximations only
valid in the context where they are used (see chapter 5).
We address the renormalization of the MSSM extending the SM on-shell procedure described in
[28,29,95{97]1. We may use both the  or the GF parametrizations. At one-loop order, we shall call the
former the \-scheme" and the latter the \GF -scheme". In the \-scheme", the structure constant  
em(q2 = 0) and the masses of the gauge bosons, fermions and scalars are the renormalized parameters:
(;MW ;MZ ;MH ;mf ;MSUSY ; : : :) {MSUSY standing for the collection of renormalized sparticle masses.
Similarly, the \GF -scheme" is characterized by the set of inputs (GF ;MW ;MZ ;MH ;mf ;MSUSY ; : : :).








(1 + rMSSM ) ; (3.1)
where rMSSM is the prediction of the parameter r [28, 29, 95] in the MSSM2.
Let us sketch the renormalization procedure aecting the parameters and elds related to the various
processes subject of study. In general, the renormalized MSSM Lagrangian L ! L + L is obtained
following a similar pattern as in the SM, i.e. by attaching multiplicative renormalization constants to each
free parameter and eld: gi ! (1+gi=gi)gi, i ! Z1=2i i. As a matter of fact, eld renormalization (and
so Green’s functions renormalization) is unessential and can be either omitted or be carried out in many
dierent ways without altering physical (S-matrix) amplitudes. In our case, in the line of Refs. [40,41], we
shall basically use minimal eld renormalization, i.e. one renormalization constant per gauge symmetry
multiplet [28,29,95]. In this way the counterterm Lagrangian, L, as well as the various Green’s functions
are automatically gauge-invariant.
The specic sign convention of the various two-point functions used all over this Thesis is based on
the prescription that the unrenormalized self-energy always add up to the bare mass parameter (or the
squared mass, depending on the kind of particle), which is equivalent to say that, in the on-shell scheme,









; m = −Re ((k2) ;
where m is the physical mass parameter {the mass for fermions, the squared mass for bosons{ and m the
corresponding counterterm (see next sections for the concrete denition in each case). The convention
for each kind of particle can be seen in table 3.1.
1Our conventions dier from those of [28, 29].
2rMSSM has been subject of dedicated studies, see [66, 89, 93].
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scalar  ik2−m2−(k2)  ik2−m2 + ik2−m2
(−i(k2) ik2−m2
gauge boson





Table 3.1: Self-energies sign conventions for the various kind of particles. The gauge bosons are dealt
with in the Feynman gauge.
For the regularization of the ultraviolet divergent integrals we use the Dimensional Reduction (DRED)
[98, 99] prescription, as it respects SUSY. As a matter of fact one-loop computations with only R-even
external particles yield the same result in DRED and Dimensional Regularization, however this is not
necessary true for higher loop computation, or for computations with R-odd external particles.
3.2 A note on the gauge sector renormalization
For the sake of xing notation, in this section we review some well known features of the renormalization of
the electroweak gauge sector, which is identical to the SM one. We refer to [28,29,95] for a comprehensive
exposition of the subject, and to [34, 36, 37, 66, 90{92, 94] for the MSSM expressions of the various self-
energies.
For the SU(2)L gauge eld we have







ZW2 = 1 + Z
W























M2W = −W (k2 = M2W ) ; M2Z = −Z(k2 = M2Z) ; (3.4)
are the gauge boson mass counterterms enforced by the usual on-shell mass renormalization conditions.
The  functions denote the (real part of the) unrenormalized two-point Green functions. ZHW on
eq.(3.2) is a dimensionless constant associated to the wave-function renormalization mixing among the
bare H and W elds; its meaning and value is discussed together with the Higgs renormalization
procedure (section 3.4).
For the SU(2)L gauge coupling constant, we have
g ! (1 + g
g








































































bR ; tR ! (ZtR)1=2tR : (3.9)
Here Zi = 1 + Zi are the doublet (ZL) and singlet (Z
t;b
R ) eld renormalization constants for the top
and bottom quarks. Although in the minimal eld renormalization scheme there is only one fundamental
constant, ZL, per matter doublet, it is useful to work with ZbL = ZL and Z
t
L, where the latter diers from
the former by a finite renormalization eect [28, 29, 95]. To x all these constants one starts from the
usual on-shell mass renormalization condition for fermions, f , together with the \residue = 1" condition





































f )] ; (3.11)
where we have decomposed the fermion self-energy according to








and used the notation 0(p)  @(p)=@p2.
The one-loop Feynman diagrams contributing to these various self-energies can be seen in gures 3.1
and 3.2 for the bottom and top quarks respectively. To express the various self-energies and vertex
functions we use the standard one-, two- and three-point one-loop functions from Refs. [100{103] which























































































Figure 3.1: One-loop Feynman diagrams contributing to the bottom quark self-energy.


















− sin2 B0(p;mb;MA0)− cos2 B0(p;mb;MZ)
}
; (3.14)
from Higgs and Goldstone bosons in the Feynman gauge. To obtain the corresponding expressions for
an up-like fermion, t, just perform the label substitutions b $ t on eqs. (3.13)-(3.14); and on eq. (3.14)
replace sin$ cos and sin $ cos (which also implies replacing tan  $ cot).






= −i 8 s CF

B1(p;mb; )−

















where CF = (N2C − 1)=2NC = 4=3 is a colour factor and we have introduced a small gluon mass  to
regularize the infrared divergences. The top quark ones from Figs. 3.2 (e) and (f) are easily obtained by
























Figure 3.2: One-loop Feynman diagrams contributing to the top quark self-energy.
3.4 Higgs sector




















Following the on-shell procedure we prefer to x the counterterms using the physical elds. In this
approach we have decided to take the charged Higgs as the renormalized particle, for the charged Higgs
mass will be a natural input in most of our computations. This will induce nite renormalization constants
in the other elds of the sector (A0, h0 and H0). Of course other equivalent choices can be made. For
example we could have taken A0 to be the renormalized Higgs as in [104{107] and in this case the charged
Higgs sector would have received nite renormalization eects. To this eect we introduce wave function
renormalization constants for the Higgs particles in the mass-eigenstate basis ZH ; ZG ; : : :, which are
only shortcuts for certain combinations of ZH1 and ZH2 , and x these constants as usual in the on-shell
scheme by using as input particle the charged Higgs. We will discuss in detail the charged Higgs sector
renormalization whereas the neutral sector has been extensively discussed in [104{107]. We will expose
two equivalent approaches: the renormalization in the Feynman gauge and in the Unitary gauge.
3.4.1 Feynman gauge
As we carry out our calculations in the Feynman gauge, we would also like to perform the renormalization
of the Higgs sector in that gauge. The Lagrangian is sketched as follows:
L = LC + LGF + LFP ; (3.17)
where LC is the classical Lagrangian, LGF stands for the gauge-xing term in that gauge,
LGF = −F+ F− + : : : (F  @W+  iMW G+) ; (3.18)
W+ H+ G+ H+
(a) (b)
Figure 3.3: The renormalized mixed blobs W+ −H+ and G+ −H+ at any order of perturbation theory.




b is the Faddeev-Popov ghost Lagrangian constructed from FP and anti-FP
Grassmann scalar elds ; . Since we are interested in the charged gauge-Higgs (W−H) and charged
Goldstone-Higgs (G −H) mixing terms in that gauge, we have singled out just the relevant term on
eq.(3.18).
As is well-known, although the classical Lagrangian, LC , also contains a nonvanishing mixing among
the weak gauge boson elds, W, and the Goldstone boson elds, G, namely
LGW = iMW W− @G+ + h:c: ; (3.19)
the latter is canceled (in the action) by a piece contained in LGF . Now, after substituting the renor-
malization transformation for the Higgs doublets, eq.(3.16), on the Higgs boson kinetic term with
SU(2)L  U(1)Y gauge covariant derivative, one projects out the following relevant counterterms
































ZHG = s c (ZH2 − ZH1) ;
































with ZW2 being the usual SU(2)L gauge triplet renormalization constant (3.3). A note regarding neutral
Higgs particles is worth here. As the pseudoscalar Higgs and neutral Goldstone boson undergo the same
mixing procedure as their charged partners, the same procedure above can be used for the A0−G0 −Z0
sector, with the only proviso that a factor 1=2 must be put in front of the denition of the mixing terms
ZAG and ZAZ in (3.23) and (3.24) to take into account the neutral nature of the particles.
The renormalization transformation for the VEV’s of the Higgs potential (2.12),























(ZH2 − ZH1) : (3.26)
If one imposes the usual on-shell renormalization conditions for the A0-boson, one has




There exists also another mixing term between H and G originating from the mass matrix of the
















where we have attached a superscript b to bare quantities, and ti are the tadpole counterterms
t0 = − sin ( − ) tH0 + cos ( − ) th0 ;
t1 = sin ( − ) th0 + cos ( − ) tH0 : (3.29)
We are now ready to nd an expression for the mixed 2-point Green functions (Figs. 3.3(a) and 3.3(b)).














which allows to dene a renormalized self-energy as follows
^HW (k2) = HW (k2)−M2W ZHW : (3.31)
Now we must impose a renormalization condition on ^HW (k2); and we choose it in a way that the
physical Higgs does not mix with the physical W:




Notice also that with this renormalization procedure on-shell W do not mix also with H since the
renormalized 2-point Green function (3.30) is proportional to the external momentum k .












This allows to dene renormalized self-energy





The mixed self-energies ^HW (k2) and ^HG(k2) obey the following Slavnov-Taylor identity:
k2^HW (k2)−M2W ^HG(k2) = 0 : (3.35)
This identity is derived from a BRS transformation involving the Green function constructed with an anti-
FP eld and the charged Higgs eld: < 0jBRS (+H+)j0 >= 0. Following the standard procedure [109]
one immediately gets:
< 0jF+H+j0 >=< 0j@W− H+ − iMW G−H+j0 >= 0 ; (3.36)
4For a more detailed discussion on the δ tan β counterterm, see Sec. 3.4.4.
which in momentum space reads
k HW +MW 









Clearly, eq.(3.37) implies eq.(3.35). The latter identity guarantees that the contribution from diagrams
with external charged Higgs particles in Figs. 3.3(a) and 3.3(b) vanishes since no mixing is generated
among the physical boson H and the renormalized elds G and W: ^HG(M2H) = ^HW (M
2
H) = 0.
There is of course another Slavnov-Taylor identity, derived in a similar manner, which insures that the
renormalized mixing between G and W also vanishes.
3.4.2 Unitary gauge
It is useful also to have a look at the renormalization procedure in the Unitary gauge as well, where it is





− ! Lct = iMW ZHW (W− @H+ −W+ @H−) : (3.39)















which is identical to (3.30) but with the W propagator in the Unitary gauge. Thus a renormalized self-
energy can be dened with the same formal expression as (3.31) and so it applies the same renormalization
condition to obtain (3.32).
Thus we have proven that the expression for ZHW is formally the same in both Unitary and Feynman
gauges, but that in the latter gauge one must take into account the additional renormalization of the mixed
self-energy HG. Moreover, it is possible to use dierent gauge xing for particles inside and outside the
loops [110, 111], so we can use the Unitary gauge renormalization, but still maintain Goldstone bosons
inside loops.
3.4.3 Higgs masses and wave functions
Whether in the Feynman or in the Unitary gauge, the charged Higgs counterterms can be introduced as
H ! (ZH)1=2H ; MH !MH + MH ; (3.41)
from which a renormalized self-energy can be dened as follows:
^H(k2) = H(k2) + M2H − (k2 −M2H) ZH ; (3.42)
where H(k2) is the corresponding unrenormalized self-energy.
In order to determine the counterterms, we impose the following renormalization conditions:
i) On-shell mass renormalization condition:
^H(M2H) = 0 ; (3.43)






 ^0H(M2H) = 0 : (3.44)
From these conditions one derives




Having xed MH , ZH , ZHW , and  tan= tan (see section 3.4.4 below) all the renormalization
constants of the Higgs sector are xed, and one can nd the value of the original counterterms (3.16) by
inverting the set of equations (3.21) and (3.22).
On the other hand, the renormalization of the neutral Higgs sector has been studied in the series
of works [104{107]. We can use the expressions for the one-loop neutral Higgs masses given in these
references by translating the corrections for the charged Higgs mass to corrections to the pseudoscalar













we invert the rst equation above, and use the computed value of M2A0 as input for the other ones.
3.4.4 tan β renormalization
At this stage a prescription to renormalize tan = v2=v1,
tan ! tan +  tan ; (3.46)
is still called for. Indeed, eq.(3.26) given in the previous section was just a formal expression which was
unrelated to any physical input. There are many possible strategies. The ambiguity is related to the fact
that tan is just a Lagrangian parameter and as such it is not a physical observable. Its value beyond
the tree-level is renormalization scheme dependent. (The situation is similar to the denition of the weak
mixing angle W , or equivalently of sin2 W .) However, even within a given scheme, e.g. the on-shell
renormalization scheme, there are some ambiguities that must be xed. For example, we may wish to
dene tan in a process-independent (\universal") way as the ratio v2=v1 between the true VEV’s after
renormalization of the Higgs potential [104{106, 108, 112{116]. In this case a consistent choice (i.e. a
choice capable of renormalizing away the tadpole contributions) is to simultaneously shift the VEV’s and
the mass parameters of the Higgs potential, eq.(2.12),



















(i = 1; 2) in such a way that v1=v1 = v2=v2. This choice generates the following counterterm for tan 






(ZH2 − ZH1) : (3.48)
Nevertheless, this procedure looks very formal and one may eventually like to x the on-shell renormal-
ization condition on tan in a more physical way, i.e. by relating it to some concrete physical observable,
so that it is the measured value of this observable that is taken as an input rather than the VEV’s of the
Higgs potential. Following this practical attitude, we choose as a physical observable the decay width
of the charged Higgs boson into  -lepton and associated neutrino: H+ ! + . This should be a good
choice, because:
1. When MH < mt−mb, the decay H+ ! + is the dominant decay of H already for tan > 2;
2. From the experimental point of view there is a well-dened method to separate the nal state  ’s
originating from H+-decay from those coming out of the conventional decay W+ ! + , so that
H+ ! + should be physically accessible;
3. At high tan, the charged Higgs decay of the top quark can have a sizeable branching ratio, serving
as a source of charged Higgs particles; and
4. If MH > mt the branching ratio for H+ ! + never becomes negligible in a wide range of Higgs
masses to be explored at the LHC rather than at the Tevatron [60, 61].
The interaction Lagrangian describing the decay H+ ! + is directly proportional to tan
LH = g m tanp
2MW
H−  PL  + h:c: ; (3.49)
and the relevant decay width is proportional to tan2 . Whether in the -scheme or in the GF -scheme,
it reads:













tan2  (1−rMSSM ) ; (3.50)
where we have used the relation (3.1). By measuring this decay width one obtains a physical denition
of tan which can be used beyond the tree-level. A combined measurement of MH and tan from
charged Higgs decaying into  -lepton in a hadron collider has been described in the literature [117{120] by
comparing the size of the various signals for charged Higgs boson production, such as the multijet channels
accompanied by a  -jet or a large missing pT , and the two- -jet channel. At the upgraded Tevatron, the
conventional mechanisms gg(qq) ! tt followed by t ! H+ b have been studied and compared with the
usual t ! W+ b, and the result is that for MH ’ 100 GeV the charged Higgs production is at least as
large as the W production, apart from a gap around tan ’ 6 [117{119] (see also chap. ??).
Insofar as the determination of the counterterm  tan in our scheme, it can be xed unambiguously
from our Lagrangian denition of tan on eq.(3.49) and the renormalization procedure described above








ZH + cot ZHW +  : (3.51)



























ZR − F ; (3.53)
is the (nite) process-dependent part of the counterterm (see section ??). Here m=m , ZτL and
ZR are obtained from eqs.(3.10) and (3.11) (with mτ = 0 ); they represent the contribution from the
mass and wave-function renormalization of the ( ; )-doublet, including the nite renormalization of the
neutrino leg. Finally, F on eq.(3.53) is the form factor describing the vertex corrections to the amplitude
of H+ ! + ; its value can be inferred from the expressions of the vertex functions in chapter ?? by
substituting the bottom and top quarks (and squarks) masses and couplings by those of  and  leptons
(and sleptons).
On comparing eqs.(3.48) and (3.51) we see that the rst denition of tan appears as though it is
free from process-dependent contributions. In practice, however, process-dependent terms are inevitable,
irrespective of the denition of tan. In fact, the denition of tan where v1=v1 = v2=v2 will also
develop process-dependent contributions, as can be seen by trying to relate the \universal" value of tan
in that scheme with a physical quantity directly read o some physical observable. For instance, if MA0
is heavy enough, one may dene tan as follows:
Γ(A0 ! bb)








































where we have neglected m2b  M2A0 , and V stands for the vertex corrections to the decay processes
A0 ! bb and A0 ! t t. Since the sum of the mass and wave-function renormalization terms along with the
vertex corrections is UV-nite, one can consistently choose v1=v1 = v2=v2 leading to eq.(3.48). Hence,
deriving tan from eq.(3.54) unavoidably incorporates also some process-dependent contributions.
Any denition of tan is in principle as good as any other; and in spite of the fact that the corrections














Figure 3.4: One-loop Feynman diagrams contributing to the charged Higgs self-energy.
should not depend at all on that choice. However, it can be a practical matter what denition to use in
a given situation. For example, our denition of tan given on eq.(3.50) should be most adequate for
MH < mt − mb and large tan, since then H+ ! +  is the dominant decay of H+, whereas the
denition based on eq.(3.54) requires also a large value of tan  (to avoid an impractical suppression of
the bb mode); moreover, in order to be operative, it also requires a much heavier charged Higgs boson,
since MH ’ MA0 > 2mt when the decay A ! tt is kinematically open in the MSSM. (Use of light
quark nal states would, of course, be extremely dicult from the practical point of view.)
3.4.5 Unrenormalized self-energies
Now we can write down the expressions for the counterterms necessary in the charged Higgs renormal-
ization.
The various Feynman diagrams contributing to the charged Higgs self-energy can be seen in Fig. 3.4,








































(MH ;M0;Mi) : (3.55)
Notice that diagram 3.4 (c) gives a vanishing contribution to ZH . The mixed self-energy diagrams are
in Fig. 3.5 and their contribution read



































































(MH ;M0;Mi) : (3.56)
A sum is understood over all generations.
3.5 Sfermion renormalization
We follow the renormalization procedure with the scalar superpartners of the matter elds. In fact this
sector is similar to that of the scalar Higgs, for it involves two scalars that mix between themselves, but
is dierent because it does not involve tadpole terms, and on the other hand there exist mixing terms
between the up-type and the down-type sfermions. In the electroweak basis, and for a doublet (~t;~b), the
counterterms needed are




(mt; At; m~tR ; Z
~t
R) (3.58)
for stop particles, and the common counterterms
(MZ ; MW ;  tan; ; m~qL ; Z
~q
L) : (3.59)
Of course if we would like to perform a supersymmetric renormalization procedure we should use a single
wave function renormalization constant for fermions and sfermions, thus we should have











However, supersymmetry is explicitly broken and so we may take dierent renormalization constants for
fermions and sfermions.
Though the counterterms (3.57), (3.58) and (3.59) are the fundamental blocks of the sfermion sector
it is more convenient for the on-shell renormalization scheme to use a dierent set of counterterms. In

















where the various M2~qij are dierent combinations of the parameter counterterms in (3.57), (3.58)
and (3.59), except in the case of M~t11 and M~b11 which are related by SU(2) gauge invariance. Thus













One can also derive the relation between this new set of counterterms and the original from expres-

































Ab −  tan −   tan







At −  cot −   cot





















where the last expression is valid for both type of sfermions, just performing the appropriate substitution
q ! ft; bg.
If we had to deal with observables in which all parameters in the RHS of (3.60) appear in the tree-
level expressions, as in the squark decays of Higgs particles, then we should invert this set of equations
to obtain each counterterm corresponding to the appropriate variables.
In the observables we will compute in this Thesis only one squark appears as an external particle (see
chapter 5), thus all the one-loop contributions to other squarks will be higher order contributions to these
observables. In this situation it is better to use a dierent approach which uses the physical particles
themselves. In this approach we introduce mass counterterms for the physical particles, the mixing
angle, wave function renormalization constants for each squark, and mixing wave function renormalization
constants, that is
(m~b1 ; m~b2 ; ~b; Z
1; Z2; Z12; Z21) (3.61)
for the sbottom squark. The number of parameter counterterms in this set is equal to the one in
the electroweak basis, thus we are not introducing any new parameter counterterm, but using a new
combination of the old ones. For the wave function counterterms we have added mixing terms between
the squarks; its purpose is to make possible the one-particle-irreducible (1PI) renormalization procedure
and avoid the presence of mixing between physical squarks at one-loop. As noted above (section 3.1)
wave function renormalization is unnecessary, but it allows to renormalize the theory by renormalizing
at the same time every Green function.
The denition of the renormalization constants (3.61) is
m2~ba




0~b = ~b + ~b ;




ab ~bb (a 6= b) ; (3.62)
from which we write the one-loop kinetic Lagrangian
L0 = L+ L = (@~ba @~ba −m2~ba ~b

a















~b2 + ~b1 ~b

2) ; (3.63)













2) = (k2 −m2~b1)(1 + Z
1)− m~b1 − 11(k2) ;
−112 (k
2) = (Z21 + Z12) k2 −m2~b2 Z
21 −m2~b1 Z
12 − 12(k2) ;
−121 (k
2) = (Z21 + Z12) k2 −m2~b1 Z
21 −m2~b2 Z
12 − 21(k2) ;
−122 (k
2) = (k2 −m2~b2)(1 + Z
2)− m~b2 − 22(k2) : (3.65)
Next we follow the on-shell prescription requiring the mass parameters to be the physical masses, the








) = 0 ;
(−1aa )
0 = 1 ; (3.66)
and from that obtain the counterterms
m2~ba
= −aa(m2~ba) ;






For xing ~b, we require that the renormalized mixing angle (that we use as an input data) does
not feel a shift from the mixed sbottom bare self-energies ab between the physical states ~ba and ~bb
(a 6= b). This is similar to the prescription adopted in Refs. [57,58,121], though it is not identical. In our
formalism, the 3-point Green functions explicitly incorporate the mixed eld renormalization constants
Zab (a 6= b) and are therefore renormalized also in the ~b parameter. The UV-divergent parts of the











Of course another equivalent choice could just be ~b = Z
12 (or −Z21), but eq.(3.68) is more sym-
metrical; the numerical dierences among the nite parts of the two choices are negligible [57]. This
renormalization prescription deviates somewhat from the on-shell philosophy, but, contrary to the tan
case, it is not clear by now how the squark angle will ever be measured; thus it is better to use a generic
criteria, like eq. (3.68) or the ones in Refs. [57, 58, 121].
The various QCD Feynman diagrams contributing to the sbottom self-energies can be seen in Fig. 3.6.
We have also computed the EW contributions in the Yukawa approximation and they are presented in
chapter 5. From these diagrams, and with the interaction Lagrangians of chapter 2, the unrenormalized
self-energies can be computed. In the following we describe the contributions corresponding to each
diagram.








+(2 k2 − 2 + 2m2~ba)B0(k; ;m~ba)

; (3.69)
where we introduced a small gluon mass  to regularize the infrared divergence, and CF = (N2C −
1)=2NC = 4=3 is a colour factor. The wave function renormalization constant derived from this expression
is






(m~ba ; ;m~ba) ; (3.70)






















Figure 3.6: Feynman graphs contributing to the sbottom self-energy from the QCD sector.
where  is the scale factor and  represents the UV divergence, as dened in equations (A.4) and (A.16)








= −i 16 sCF
h
















which contributes to the wave function renormalization constants as



























B0(m~bb ;m~g;mb) : (3.73)
























which only contributes to the mass counterterm and the mixed self-energy (3.67). From the Lagrangian (2.47)
it could seem that other squarks could give rise to similar contributions, however these are proportional
to traces of Gell-Mann matrices, and as a consequence they are identically zero.
Chapter 4
FCNC top decays into Higgs bosons
in the MSSM
4.1 Introduction
In this chapter we perform the computation of the Flavour Changing Neutral Current (FCNC) decay of
the top quark into a charm quark and a neutral Higgs particle in the framework of the MSSM, t ! c h
where h is any of the neutral Higgs particles of the MSSM. We compute the contributions from the SUSY
electroweak, Higgs, and SUSY-QCD sectors, in a sparticle mass model motivated by model building and
Renormalization Group Equations (RGE). However, we neither restrict ourselves to a spectrum of any
SUSY-GUT model (such as SUGRA) {which would constrain the masses in a narrow range{, nor to a
generic, phenomenological motivated, spectrum {which would have too many parameters to play with.
There exist some computations of FCNC top quark decays, both in the SM and in the MSSM [197{206].
The Standard Model branching ratio BR(t! cH) is  10−13 for Higgs boson mass around 80 GeV, and
it decreases with the Higgs mass [207]. There has been some work concerning the decay channel into
gauge bosons (t! c V , V  γ; Z; g), see for example Refs. [201{205] for some works on the subject. The
conclusion of these works is that the branching ratio of this decay is at most 10−5, maybe a bit larger
in the gluon channel. However, to our knowledge, there are not so many works on the FCNC decay of
the top quark into Higgs in the MSSM [206], and they are not so complete as in the case of the gauge
bosons. For example in [206] it is concluded that the branching ratio for the decay channel t ! c h in
the MSSM is at most of 10−9, for the SUSY electroweak contributions, and 10−5 for the SUSY-QCD
contributions. However we think that the work of [206] is not complete. They do not include eects
of the Higgs particles in the loops, and they do not take into account the ~qL ~qR h vertices, so they miss
the potentially large contributions coming from the trilinear soft-SUSY-breaking terms At;b (2.20), and
from the higgsino mass parameter . We nd that a full treatment of the SUSY-QCD contributions may
greatly enhance the FCNC width by some orders of magnitude. Therefore, a more general and rigorous
computation of the decay t! c h is mandatory.
In section 4.2 we make a summary of the technics of the computation. In sections 4.3 and 4.4 we
present our results for the SUSY electroweak and the SUSY-QCD contributions to the decay width t! c h
respectively. Finally we present the conclusions.
4.2 One-loop FCNC decays
The computation of FCNC processes at one-loop, unlike the other calculations presented in this Thesis,
does not involve renormalization of parameters or wave functions, so one is left only with the computation
of the dierent diagrams that contribute to the process. The generic type one-loop Feynman diagrams
contributing to the decay under study are in Fig. 4.1. The vertex diagram V follows after a straightforward
calculation. As for the diagrams St and Sc we dene a mixed self-energy,





{where the mt factor multiplying the scalar part is arbitrary, put there only to maintain the same units



















Figure 4.1: Generic one-loop Feynman Diagrams contributing to t! c h.
To present the expressions of this computation we shall introduce a notation that allows to treat the
three possible decays in an unied way. To this end we introduce a vector of neutral Higgs elds
0 = (H0; h0; A0) ; (4.2)
as a function of which interaction Lagrangian with up-type quarks reads
















Now we are ready to give a general expression of the eects of i to the amplitude t! c0r:























+ PR (K0tr )
 [L$ R]}ut(k)























+ PR (K0cr )
 [L$ R]} ut(k) (4.5)
After adding up the vertex contributions from diagram V (Fig. 4.1) to the expressions (4.5) we can
dene an \eective" vertex
−i T  −i g uc(p) (FL PL + FR PR) ut(k) : (4.6)
We have taken into account all three generations of quarks and squarks, and have performed the usual
checks of the computation, in particular that the form factors FL and FR are free of divergences before



























Figure 4.2: One-loop electroweak vertex diagrams contributing to the decay t! c h. d ( ~dfa;bg) represent
mass-eigenstate down type quarks (squarks) of any generation.
After squaring the matrix element (4.6), and multiplying by the phase space factor, we can compute
the decay width,








 (−m2h +m2t +m2c)(jFLj2 + jFRj2) + 2mtmc (FL F R + F L FR) (4.7)
and dene the ratio
B(t! c h)  Γ(t! c h)
Γ(t! bW+) (4.8)
which will be the main object under study. This ratio is not the total branching fraction of this decay
mode, as there are many other channels that should be added up to the denominator of (4.8) in the
MSSM, such as the two and three body decays of the top quark into SUSY particles, and also the decay
channel t ! H+ b [50, 63, 209]. For the mass spectrum used in the numerical analysis (see sections 4.3
and 4.4) the former are phase space closed, whereas the latter could have a large branching ratio.
4.3 SUSY-EW contributions
For the electroweak contributions to the decay channel t! c h we work in the so called Super-CKM basis,
that is, we take the simplication that the squark mass matrix diagonalizes as the quark mass matrix, so
that FCNC processes appear at one-loop through the charged sector (charged Higgs and charginos) with
the same mixing matrix elements as in the Standard Model (the CKM matrix).
We have taken into account the contributions from charginos (+i ) and down type squarks ( ~d,
 = 1; 2; : : : ; 6  ~d1; ~d2; : : : ;~b2, the mass eigenstates down squarks), and from charged Higgs and Gold-
stone bosons (H+; G+) and down type quarks (d; s; b). The various diagrams contributing to this decay
can be seen in Figs. 4.2 and 4.3. We have not included the diagrams with gauge bosons (W+) as the
largest contributions will come from the Yukawa couplings of the top and (at large tan) bottom quarks.













Figure 4.3: One-loop electroweak diagrams contributing to mixed t − c self-energy. d ( ~da) represent
mass-eigenstate down type quarks (squarks) of any generation.
4.3.1 Vertex and self-energy functions
To write down the concrete form of the various contributions to the form factors (4.6) we generalize
the compact notation introduced in section 4.2, thus we dene a vector of charged Higgs and Goldstone
particles
+ = (H+; G+) ; (4.9)
and write down the interaction Lagrangian of down-type squarks with Higgs particles analogously to (4.3)




















rR PR)u + h.c.
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; (4.10)

















The interaction Lagrangian between up-type quarks, down-type squarks and charginos can be read di-
rectly from the expressions (2.36), multiplying by the appropriate element of the CKM matrix. In a
compact notation we write it as
















i1 − dR(d)2a V i2 ; A(d;u)−ai = −R(d)1a uUi2 :






















These Brst and W rij matrices are the corresponding Feynman rules (divided my −ig) of the respective
processes and can be found in [39] {they can also be found in [71] where there is also a detailed explanation
of how to obtain them2.
1Note that elements Bij3 are complex and Bii3 = 0.
2We have generated all the Feynman rules derived the scalar potential (Higgs particles self-couplings and squark-Higgs
couplings) by means of a Mathematica [210] code.
The contributions from the various diagrams in Fig. 4.2 can be written generically as,
FL = NA
h
(C12 − C11)mt A(1)R A(2)R − C12mcA(1)L A(2)L + C0mA A(1)R A(2)L
i
FR = FL (A
()
L $ A()R ) (4.14)








































































L $ D()R ) : (4.15)
Now we are ready to write down the dierent contributions, by giving the values of the dierent matrices
and masses appearing in the expressions above, thus to obtain the vertex functions of the decay t! c0r
we must apply the following rules






















C = C(k;−p0;Mi;m ~da ;m ~db) ;
where Grfe is the Feynman rule for 
0
r ! ~d0f ~d0e divided by −ig, ~d01;2 are the electroweak eigenstates
of down type squarks [39, 71]3.



























mD1 = Mi ; mD2 = Mj ; ND = i g2 Vtd Vcd
C = C(k;−p0;m ~da ;Mi;Mj) ;






























































3We recall that our convention for the µ parameter is opposite in sign to that of [39].
As can be noted from above expressions the form factors induced by Higgs mediated diagrams -Fig. 4.2(c)
and (d)- have the property FL = FR for H0 and h0, and FL = −FR for A0. This only form factor for
each one of the dierent Higgs mediated diagrams can be written in a more convenient form, but then
we should write down 16 dierent expressions!
The one-loop mixing Feynman diagrams between the two mass-eigenstates quarks t and c can be seen









































cot2 (B0 +B1) (k;MH ;md)










tan2 (B0 +B1) (k;MH ;md)



















Vtd Vcd [B0(k;MH ;md)−B0(k;MW ;md)] : (4.16)
The compact form of these self-energies allows to avoid the use of the cumbersome notation we used for
the vertex factors.
4.3.2 Numerical analysis
With all these expressions we are now ready to look at the numerical results. We plug in all these
contributions in (4.6) and (4.5) and evaluate numerically the expression (4.8). The input parameters
chosen to illustrate the results in Figs. 4.4-4.5 are:
tan = 35 ;  = −200 GeV ; M = 150 GeV ; MA0 = 80 GeV ;
m~t1 = 150 GeV ; m~b1 = m~q = 200 GeV ;
At = Aq = 300 GeV ; Ab = −300 GeV (4.17)
where m~t1 ;m~b1 are the lightest ~t and
~b mass, and all the masses are above present experimental bounds.
This somewhat light value of the pseudoscalar Higgs mass is not essential in the results, as can bee seen
in Fig. 4.5 (d). We have chosen a SUSY mass spectrum around 200 GeV, which is not too light, so the
results will not be articially optimized. We have also checked all through the numerical analysis that
other bounds on experimental parameters (such as ) are fullled.
In Fig. 4.4 we have plotted the dierent form factors of (4.6) as a function of tan for the channel
with the lightest scalar Higgs (h0). We can see that the contributions from the Higgs sector and the
contributions from the chargino sector are of the same order. It turns out that they can be either of the
same sign, or of opposite sign. The chosen negative value for Ab is to make the two contributions of the
same sign. It is also clear that in both cases FR  FL. This can be easily understood by looking at the
interaction Lagrangians involving higgsino-sbottom-charm and Higgs-bottom-charm:









LH b c = gp
2MW
Vcb c (mc cot PL +mb tan PR) bH+ + h.c. ; (4.18)
we can see that in both of them the contribution to the right-handed form factor will be enhanced by the
Yukawa coupling of the bottom quark, compared with the charm Yukawa coupling that will contribute



















Figure 4.4: Dierent form factors (4.6) for the channel t ! c h0 as a function of tan, with the typical
set of inputs of eq.(4.17).
to the left-handed form factor. On the other hand we have checked that the inclusion of the rst two
generations of quarks and squarks only has an eect of a few percent on the total result.
In Fig. 4.5 we can see the evolution of the ratio (4.8) with various parameters of the MSSM, by taking
into account only the electroweak contributions. The growing of the width with tan (Fig. 4.5 (a)) shows
that the bottom Yukawa coupling plays a central role in these contributions. The evolution with the
trilinear coupling Ab and the higgsino mass parameter  {the two parameters that appear in the trilinear
coupling ~bL ~bR h{ displayed in Figs. 4.5 (b) and (c) shows that these parameters can enhance the width
some orders of magnitude. We have articially let Ab grow up to large scales (that are not allowed if one
wants that squarks do not develop vacuum expectation values) in order to emphasize the dependence on
Ab. The various spikes in these gures reflect the points where the form factors change sign, whereas the
shaded region in Fig. 4.5 (c) reflects the exclusion region of  by present LEP bounds on the chargino
mass.
In all these gures the ratio (4.8) is smaller for the heaviest scalar Higgs (H0) because with the
parameters (4.17) the CP-even Higgs mixing angle  is near −=2, so making the couplings of H0 with
down quarks and squarks much weaker, but in g. 4.5 (d) it can be seen that when the pseudoscalar
Higgs mass grows (and this shifts  far away from −=2) the two scalar Higgs bosons change roles.
We conclude that the typical value of the ratio (4.8), at large tan < 50 and for a SUSY spectrum
around 200 GeV, is
BSUSY−EW(t! c h) ’ O(10−8) : (4.19)
In favorable regions of the parameter space it can grow up to 10−7. The maximum value is found to be in
the ballpark of several 10−6, for suciently large Ab. This is an improvement of the previous result [206],
specially in the A0 channel, by two orders of magnitude.
4.4 SUSY-QCD contributions
The gluino-mediated supersymmetric strong interactions in the MSSM can also produce FCNC processes.
This occurs when the squark mass matrix does not diagonalize with the same matrix as the one for the
quarks. We introduce then intergenerational mass terms for the squarks, but in order to prevent the
number of parameters from being too large, we have allowed (symmetric) mixing mass terms only for the
left-handed squarks. This simplication is often used in the MSSM, and is justied by RGE analysis [211].
The mixing terms are introduced through the parameters ij dened as
(M2LL)ij = m
2
ij  ijmimj ; (4.20)
where mi is the mass of the left-handed i squark, and m2ij is the mixing mass matrix element between
the generations i and j. Thus we must diagonalize two 6  6 mass matrices in order to obtain the




















































Figure 4.5: Evolution of the ratio (4.8) with (a) tan, (b) the trilinear coupling Ab, (c) the higgsino
mass parameter , and (d) the pseudoscalar Higgs mass MA0 . The rest of inputs are given in eq.(4.17).
mass-eigenstates squark elds. Following a notation similar to the standard one we introduce the mixing







R(q)yM2~qR = M2~qD = diagfm2~q1 ; : : : ;m2~q6g ; q  u; d ; (4.21)
where M2
(~u; ~d)
is the 6 6 square mass matrix for up-type (or down-type) squarks in the EW basis, with
indices  = 1; 2; 3; : : : ; 6  ~uL; ~uR; ~cL; : : : ; ~tR for up-type squarks, and an equivalent choice for down-type
squarks. In this study we are only interested in the up-type quarks-squarks system, so we will drop out
the (q) super-index in the forthcoming expressions. The rotation matrix R introduces gluino mediated
tree-level FCNC between quarks and squarks, the corresponding interaction Lagrangian can be deduced
using the very same formalism of the \ordinary" SUSY-QCD (2.37) interactions, but using the more
general rotation matrix (4.21),




















Figure 4.6: One-loop SUSY-QCD vertex diagram contributing to the decay t ! c h. ~uf;g represent







Figure 4.7: One-loop SUSY-QCD diagrams contributing to mixed t − c self-energy. ~u represent mass-
eigenstate up type squarks of any generation.
4.4.1 Vertex and self-energy functions
Using the Lagrangian (4.22) one can nd the SUSY-QCD one-loop contributions to the process under
study, which Feynman diagrams are depicted in Figs. 4.6 and 4.7. The vertex diagram contributions to
the form factors (4.6) in Fig. 4.6 can be written as
FL = N [mtR4 R6 (C11 − C12)
+mcR3 R5 C12 +m~g R4 R

5C0]
FR = FL (3 $ 4 ; 5 $ 6)
N = i 8  sCF Ri G
r
ij Rj
C = C(−k; p0;m~g;m~uα ;m~uβ ) ; (4.23)
where Grij is the Feynman rule of 
0
r ! ~u0i~u0j divided by −ig, with ~u01;2 the electroweak eigenstates of
up-type squarks [39, 71].
The one-loop mixing self-energy in Fig. 4.7 takes the following form
L(k2) = −i 2  sCF R3R5B1(−k;m~g;m~uα)
R(k2) = −i 2  sCF R4R6B1(−k;m~g;m~uα)
mtLs(k2) = −i 2  sCF m~g R4R5B0(−k;m~g;m~uα)
mtRs(k2) = −i 2  sCF m~g R3R6B0(−k;m~g;m~uα) (4.24)
where CF = (N2c − 1)=2Nc = 4=3 is a well known colour factor. Now we can introduce these expressions
in (4.5) and (4.6) to obtain the relevant branching ratio under study (4.8).
4.4.2 Numerical Analysis
For the numerical analysis we must provide as input parameters, apart from that of the Higgs sector, the
various squark masses and mixings, i.e. the  parameters of (4.20). These  parameters are constrained
by low energy data on FCNC [212, 213]. The bounds have been computed using some approximations,



















































Figure 4.8: Evolution of the ratio (4.8) with (a) the mixing parameter between the 2nd and 3rd squark
generations 23, (b) the higgsino mass parameter , (c) the gluino mass m~g, and (d) the pseudoscalar
Higgs mass MA0 , the rest of inputs are given in eqs.(4.17) and (4.26).
so they must be taken as order of magnitude limits. We use the following bounds [212,213]
j12j < :1pm~um~c=500 GeV
j13j < :098pm~um~t=500 GeV
j23j < 8:2m~cm~t=(500 GeV)2 : (4.25)
For the various parameters that are common to the EW analysis we use the same input parameters (4.17)
to which we must add the specic parameters of the SUSY-QCD sector, namely
m~g = 150 GeV
 =
0




A comment is in order for the present set of inputs: we have introduced in (4.17) the lightest stop
mass as an input, and this stop is mostly a ~tR. However, in this new parametrization we introduce this
mass as the lightest ~u mass, which will be mostly a ~tR.
Again the largest contribution comes from the right-handed form factor of (4.6), but this is only
because we have chosen not to introduce mixing between right-handed squarks.
We have plotted the evolution of the ratio (4.8) with some parameters of the MSSM in Fig. 4.8. As can
be easily guessed, the most important parameter for these contributions is the mixing mass parameter
between the 2nd and 3rd generation of left-handed squarks, the less restricted one of the three (eq. (4.25)).
In Fig. 4.8 (a) it is shown that changing 23 by 3 orders of magnitude, the ratio (4.8) can increase by 7
orders of magnitude! We can see in Fig. 4.8 (b) that the  parameter also plays an important role, like
in the electroweak contributions (Fig. 4.5 (c)), and for the same reasons, bringing the ratio (4.8) up to
values of 10−4. Notice that the central region of jj < 90 GeV is excluded by present LEP bounds on
the chargino mass.
The evolution with the gluino mass (Fig. 4.8 (c)) is asymptotically quite stable, showing a slow de-
coupling. Finally in Fig. 4.8 (d) we have plotted the evolution with the pseudoscalar Higgs mass, it is
also quite stable, until near the kinematic limit for A0 and H0.
We conclude that the typical value of the SUSY-QCD contributions to (4.8), with a SUSY spectrum
around 200 GeV, is
BSUSY−QCD(t! c h) ’ O (10−5) ; (4.27)
but in favourable regions of the parameter space (i.e. large , or relatively light gluino) it can easily reach
values of 10−4. The upper bound is at several 10−4. This is 1-2 orders of magnitude larger than the
previous estimate [206].
4.5 Conclusions
We have computed the SUSY-EW, Higgs, and SUSY-QCD contributions to the FCNC top quark decay
t ! c h (h = h0; H0; A0) in the MSSM, using a mass spectrum motivated, but not fully restricted, by
model building and Renormalization Group Equations.
We have found that with a SUSY mass spectrum around 200 GeV, which is well above present bounds,
the dierent contributions to this decay are typically of the order
BSUSY−EW(t! c h) ’ 10−8 ;
BSUSY−QCD(t! c h) ’ 10−5 − 10−4 : (4.28)
The dierence of at least two orders of magnitude between the two contributions makes unnecessary
to compute the interference between the two contributions, but if the limits on 23 (eq. (4.25)) improve,
it should be necessary to make the full computation.
The results (4.28) are an improvement of the previous estimate [206], specially in the A0 channel,
thanks to the inclusion of the ~qL ~qR h vertex.
It would probably be dicult that this decay can be measured either at the Tevatron, or at the NLC,
but there exists a possibility for LHC. As an example to assess the discovery reach of these accelerators
the FCNC top quark decays into a vector boson are [214]
LHC : B(t! c V ) > 5 10−5 ;
NLC : B(t! c V ) > 10−3 − 10−4 ; (4.29)
where the lack of sensitivity of the NLC is due to the lower luminosity4. So, if the discovery reach for
FCNC Higgs processes are not very dierent from that of the gauge bosons, there is a possibility to
measure this decay channel at the LHC even if SUSY particles are not seen at the LEPII.
4Note added: This estimate is for a 50 fb−1 integrated luminosity [214]. Present studies for TESLA future Linear
Collider expect to reach 500 fb−1 [222], then it would be possible to measure this ratio at the LC [223].
Chapter 5
One-loop corrections to scalar quark
decays
5.1 Introduction
Sparticles not much heavier than a few hundred GeV could be produced in signicant numbers already
at the Tevatron. For instance, selectron production was advocated in Ref. [25] to explain a purported
non-SM event in the Collider Detector at Fermilab (CDF). Subsequently, in Refs. [132,159] it was argued
that half of the top quarks at the Tevatron might come from gluino decays into top and stop, ~g ! t~t1.
Similarly, as discussed in the introduction, we may envision the possibility that sbottom squarks are pair
produced by the usual Drell-Yan mechanism and then decay into top quark and charginos: ~ba ! t −i .
Indeed, this would be the leading two-body decay if gluinos are heavy enough that the strong decay mode
~ba ! ~g b is kinematically blocked up1. The observed cross-section would then be the one of eq. (1.4). We
shall assume thorough present study that gluinos are much heavier than squarks, so that their contribution
to this cross-section through q q ! ~g ~g followed by ~g ! t~t1 is negligible. We could have non-SM top
quark decay modes, such as e.g. t! ~ta 0 [132,159] and t! H+ b [51,50], that could serve, pictorially,
as a \sinkhole" to compensate (at least in part) for the unseen source of extra top quarks produced at
the Tevatron from sbottom pair production (Cf. eq.(1.4)). As stated in section ?? one cannot exclude
that then non-SM branching ratio BR(t! \new"), could be as big as the SM one, i.e.  50%.
If tan is large and there exists a relatively light chargino with a non-negligible higgsino component,
the alternative mechanism suggested in eq.(1.4) could be a rather ecient non-SM source of top quarks
that could compensate for the depletion in the SM branching ratio.
While the squark production cross-section has already received some attention in the literature at
the level of NLO radiative corrections [218{220], an accurate treatment of the decay mechanisms is
also very important to provide a solid basis for experimental analysis of the top quark production in
the MSSM. Thus in this chapter we consider the computation of the QCD and leading supersymmetric
electroweak (SUSY-EW) quantum eects on ~ba ! t −i , namely the ones induced by potentially large
Yukawa-couplings from the top and bottom quarks (2.18).
5.2 Vertex renormalization
The one-loop Lagrangian of the ~b t − interaction follows after substituting the one-loop counterterms,
that of ~b, t, and − from chapter 3 into the bare Lagrangian (2.35),
L0









































1Squark decays have been discussed at the tree-level in several places of the literature. See e.g. Refs. [215{217] for some




































i1 − (R(b)2a b +R(b)2a b)V i2
A
(b)
−ai = −(R(b)1a t +R(b)1a t)Ui2 : (5.3)
We have not introduced the mixing self-energies between the two charginos (Zij) as they do not
contribute. In the case of the QCD corrections the chargino gets no correction, whereas the Yukawa
coupling approximation implies no mixing between charginos (see section 5.5). For the very same reasons
we do not show the shift that the chargino mixing matrices U and V would develop at one-loop.
The full structure of the four on-shell renormalized decay amplitudes for ~ba ! t −i (a = 1; 2; i = 1; 2)
follows from the previous Lagrangian after including the contributions from the (LH and RH) one-loop
vertex form factors F aiL;R:

































Let now Γai0 be the tree-level partial width of the decay ~ba ! t −i , the only Feynman diagram




















t ) the usual Ka¨llen function for the given arguments. The quantum correc-
tion to Γai0 can be described in terms of the quantities 
ai = (Γai−Γai0 )=Γai0 , where Γai is the corresponding



























As mentioned in chapter 3 we use an on-shell renormalization procedure, so the input parameters for
the sbottom sector will be the masses as well as the mixing angle
(m~b1 ;m~b2 ; ~b) ; (5.8)
whereas for the stop sector we just have in addition
(m~t1 ; ~t) ; (5.9)
since by SU(2)L gauge invariance the value of the other stop mass m~t2 is already determined. Of course,
tan and the SUSY Higgs mixing parameter  are also additional independent inputs for our calculation.
Similarly, the sbottom and stop trilinear terms Ab and At are xed by the previous parameters as follows:




sin 2 ~b ; At =  cot +
m2~t2 −m2~t1
2mt
sin 2 ~t ; (5.10)
of course the ~t2 mass, as well as the A parameters form eq. (5.10) will receive radiative corrections,
but these would be second order corrections to our process. We must be careful with the value of
these A parameters, as explained in section 2.4.3 they are bounded by the condition of colour-breaking
vacua (2.24), as well as the condition of perturbativity of the Higgs-squark-squark couplings. These
bounds will translate into a forbidden region in the parameter space dened by (5.8) and (5.9). As the
conditions mentioned above are fairly qualitative we will present our results in all of the parameter space,
but at the same time we will single out the regions where the conditions (2.24) are fullled.
5.3 Tree-level results
In this section we make a simple tree-level analysis of the MSSM parameter space, trying to single out
the regions where the process under study should be interesting. In order to achieve this we focus on the
sbottom decay itself, but also on the sbottom production mechanism and on the top quark decay.
As we are interested in the eects that this decay could have at the Tevatron we should use relatively
light sbottom masses (a few hundred GeV). On the other hand, as this processes would imply a growing
of the top quark production cross-section (1.4), it is necessary a mechanism that would keep this cross-
section at its measured value, so the top quark should have available non-standard decay channels, e.g.
t! H+ b, thus the charged Higgs mass should comply with
MH < mt −mb ; (5.11)
another possibility could be the supersymmetric channel t ! ~t1 01, however this latter channel cannot
be under control, for example, in the Yukawa approximation performed in section 5.5 it is necessarily
blocked up.
It is clear that the radiative corrections to the process ~ba ! t −i will only be interesting in the region
where it also has a large tree-level branching ratio. Apart from the already stated gluino decay channel
there are also other channels (~ba ! b 0, ~b2 ! ~b1h0, . . . ) that will contribute to this decay width. To
have an appreciable branching ratio ~ba ! t −i we start out supposing that the gluino is much heavier
than the squarks
m~g > m~ba (a = 1; 2) ; (5.12)
neutralino masses, on the other hand, are related to chargino ones, so no additional conditions can be
put on this side. Let us dene the branching ratio in which we are interested:
BR0(~ba ! t −1 ) =










Γ0(~ba ! ~bb0i ) ; (5.13)
(where 0i = h
0; H0; A0). To maximize this branching ratio we should work in an scenario where the
lightest chargino is higgsino-dominated, and tan should have a low-moderate value, if tan is large
( > 40) then ΓT0 is dominated by the neutral higgsino contribution (rst summand of expr. (5.13)).
In gure 5.2 we have plot the value of the branching ratio (5.13) as a function of tan, m~b1 and ~b for
given values of the other parameters. From the gure it is clear that low tan enhances this branching
ratio. From now on we will concentrate in the region of tan ’ 20, with this typical value the branching
ratio still has an appreciable branching ratio, whereas the electroweak corrections can be enhanced by
means of the bottom Yukawa coupling (2.18). In Fig. 5.2(b) we can see the opening of the Higgs channels,
namely ~b2 ! ~b1 01 (at the left end of the gure) and ~b1 ! ~t1H− (at its right end), it is clear that when













































































Figure 5.2: (a) The branching ratio of ~ba ! −1 t as a function of tan for the various decays a = 1; 2
with m~b1 < m~b2 ; (b) As in (a), but as a function of m~b1 ; (c) As in (a), but as a function of ~b. The
marked parts of the abscissa in both gures are excluded by the condition (2.24). The xed parameters
for (a) and (b) are given in the frame.
this channels are open they tend to take the branching ratio (5.13) to undetectable values. This large
value of the Higgs decay width is due to the fact that in this regions the A parameters (5.10) acquire
large values. Of course one could x the input parameters (5.8) in such a way that Aft;bg are small in
one of this regions (say at m~b1 light), but at the price of making them large at its central value and even
larger at the other end. This eect is also seen in Fig. 5.2(c), as the A parameters are related to the angle
trough (5.10). Another possibility would be to push the Higgs masses to a high value, which would be
in contradiction with the requirement (5.11). Note that the allowed range of ~b is rather narrow, so that
the physical sbottom masses basically coincide with the LH and RH electroweak eigenstates.
5.4 QCD corrections
The rst step to the computation of the quantum eects on ~ba ! t −i is to compute the QCD corrections,
as they are expected to be larger than the EW ones.
The evaluation of the one-loop QCD corrections to the decay ~ba ! t −i comprise the computation of
the gluon and the gluino mediated diagrams. These corrections were computed in [57, 58], however we
use slightly dierent renormalization conditions, and we present our numerical results in a completely
dierent way. We have checked analytically our results with that of [57, 58], and also numerically in the
case of [57].
In this process it is not possible to separate between the gluon-mediated and the gluino-mediated



















Figure 5.3: One-loop QCD vertex diagrams contributing to the process ~ba ! t −i .
thus the supersymmetric theory must be taken as a whole to be renormalizable.
The one-loop vertex Feynman diagrams contributing to the one-loop form factors (5.5) are depicted
in gure 5.3. The gluon contribution (Fig. 5.3(a)) can be written as









−ai g2) ; (5.14)
where CF = (N2C − 1)=2NC = 4=3 is a colour factor and
g1 = C0 (m2t −M2i ) + (M2i −m2t −m2~ba)(C11 − C12) + ~C0 ;
g2 = 2Mimt C12 ;
C = C(k;−p;m~ba; ;mt) ; (5.15)
where we have introduced a small gluon mass  to regularize the infrared divergences. The gluino
contribution from Fig. 5.3(b) is far more complicated
FL = −i 8 s CF
h




+ mtm~g(C11 − C12)A(t)+biR(b)1a R(t)1b













− mbmt(C0 + C11 − C12)A(t)+biR(b)2a R(t)1b










A+ $ A−; R()1 $ R()2

;
C = C(k;−p;mb;m~g;m~tc) : (5.16)
The infrared divergences from (5.15) and from (3.15), (3.71) cancel with the real corrections from the
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Figure 5.4: Real QCD corrections to the process ~ba ! −i .
















mg~ = 400 GeV


















Figure 5.5: The correction aiQCD to the decay width ~ba ! t − as a function of (a) tan and (b) the
higgsino mass parameter . Set of inputs as in Fig. 5.2.
where we have used the bremsstrahlung functions dened in [97]2. We have checked explicitly (analytically





is free of ultraviolet and infrared divergences.
In Figs. 5.5-5.7 we present the evolution of the corrections (5.18) with some of the parameters. For
the numerical evaluation we use s(m~ba), using the one-loop MSSM -function, but, for the m~ba we use,
it is basically the 4-flavour SM -function, as the scale is almost always below the threshold of coloured
SUSY particles (and top quark). In Fig. 5.5 we can see the evolution with tan and , which are the
most interesting ones. The corrections are large (> 10%) and present a weak evolution for large values of
tan ( > 20). We remark that for  < −120 GeV and tan > 20 the corrections can be very large near
the phase space limit of the lightest sbottom decay. However, this eect has nothing to do with the phase
space exhaustion, which is described by the kinematic function (a; i; t) on the RHS of the tree-level
expression (5.6), but rather with the presence of the dynamical factor in brackets on that equation which
also goes to the denominator of  in eq.(5.7). That factor is xed by the structure of the interaction
Lagrangian of the sbottom decay into charginos and top; and, for the parameters in Fig. 5.5, it turns
out to vanish near (actually past) the phase space limit in the case of the lightest sbottom (~b1) decay.
However, this is not so either for the heaviest sbottom (~b2) or for  > 120 GeV as it is patent in the
same gure. The dierent evolution that present the corrections of the two sbottoms has more relation
with the electroweak nature of the process than with the purely QCD loops, it is due to the fact that,
2We have corrected a typo present in expressions D.11 and D.12 of Ref. [97].
















Figure 5.6: The correction aiQCD as a function of ~b. Inputs as in Fig. 5.2.

































Figure 5.7: The correction aiQCD as a function of (a) the gluino mass m~g and (b) the gaugino mass
parameter M . Set of inputs as in Fig. 5.2.
being ~b and ~t so small, the squarks are mostly chiral, namely
~b1 ’ ~bR ; ~b2 ’ ~bL ; ~t1 ’ ~tR ; ~t2 ’ ~tL ; (5.19)
so its very dierent couplings to charginos (2.36) provides a very dierent evolution of (5.7), even if L;R
were constant. In fact the sbottom mixing angle plays a crucial role in this corrections as seen in Fig. 5.6,
however we also see that its value is highly constrained by the condition (2.24). Finally we would like
to comment on the eect of the gaugino mass parameter M and the gluino mass in Fig. 5.7. The gluino
evolution is rather flat once the pseudo-thresholds of ~ba ! b ~g are passed, so even though the gluino could
not be produced at the Tevatron it would have an eect on the sbottom decay3. As for the gaugino mass
parameter the correction is saturated for M > 200 GeV, so the corrections computed in this section can
be compared with the ones obtained in the higgsino approximation discussed in the next section.
The other parameters of the model present a rather mild eect on the corrections for squark masses
in the ballpark of several hundreds of GeV. In summary the QCD corrections on the decay ~ba ! t −i
are large (’ −20% for ~b2, ’ −60% for ~b1) and negative for values of the parameter space relevant to the
Tevatron energies, with a higgsino-like chargino and moderate or large tan .
5.5 Yukawa corrections
At large ( 20) or small (< 1) tan these eects could be competitive with the QCD corrections of
the previous section. Since in these conditions the full MSSM quantum eects can be rather large,
3In [57] it is shown that there exist a non-decoupling eect at large gluino masses, however this eect is numerically











Figure 5.8: Feynman graphs contributing to the chargino self-energy in the Yukawa approximation.
their calculation is indispensable to account for the observed top quark production cross-section (1.4)
in the MSSM or, alternatively, to better assess how much the determination of the SM branching ratio
BR(t! W+ b) is aected in the MSSM context after plugging in the experimental number on the LHS
of eq.(1.4).
The analytical formulation developed so far in chapter 3 and in section 5.2 is well suited to tackle
the general problem of the SUSY-EW corrections to squark decays. Since the dominant part is from the
Yukawa sector we wish to pursue our calculation in the following within the Yukawa coupling approxi-
mation. This means that we are going to compute the leading electroweak eects of O(2t ) and O(2b)
that emerge for large values of the Yukawa couplings (1.2) when the remaining gauge contributions { of
O(g2){ are subdominant. In practice we shall only explore the large tan regime, typically tan  20;
the possibility tan < 1 is not so appealing from the theoretical point of view. Thus within our approx-
imation we will include the correction  in leading order O(2 ) of the  Yukawa-coupling,  . Notice
furthermore that for b  1 the tree-level decay rate, eq. (5.6), is maximized. Therefore, the large tan
range is expected to be the most relevant one for the decay under consideration.
In our approach, we set the SU(2)L gaugino mass parameter M  jj;MW in the chargino mass
matrix (see section 2.4.4), and therefore the chargino 1 is mainly higgsino, whereas the chargino 

2 is
mainly gaugino and does not contribute to our decays. It is only in this case that the Yukawa-coupling
approximation makes sense. Thus, since m~t1 > 80 − 90 GeV, in this approach the decay into stop and
neutralino t! ~ta 0 is kinematically forbidden. In this approximation the relevant counterterms A(b)ai
in eq.(5.2) boil down to
A
(b)
+a1 = −R(b)2a b −R(b)2a b
A
(b)
−a1 = −R(b)1a t −R(b)1a t : (5.20)
In the higgsino approximation only two Feynman graphs contribute to the −1 self-energy, and they
are depicted in Fig. 5.8. We can write the chargino −1 self-energies, dened like the fermion self-energies
in chapter 3, as
1L(k
2) = −i g2NC(A(b)−a1)2B1(k;mt;m~ba)
1R(k
2) = −i g2NC(A(b)+a1)2B1(k;mt;m~ba)
1S(k








for diagram 5.8(a), note that in this approximation the chargino −1 coupling matrices are simply
A
(b)
−a1 = −bR(b)2a ; A(b)+a1 = −tR(b)1a ;
we prefer however to maintain a more general notation. The bottom-stop contribution (diagram 5.8(b))





ai. From these self-energies we compute the wave function renormalization constants with the help
of expression (3.11). A brief comment is mandatory respecting the relation between the renormalization

































thus in a supersymmetric renormalization we should obtain that the wave function renormalization con-
stants obtained from (5.21) are
Z1L = ZH1 ; Z
1
R = ZH2 ; (5.23)
as we are not dealing with a supersymmetric renormalization procedure this is not the case, however we
have checked that the divergent part of this dierent renormalization constants is the same. This fact is
crucial in the cancellation of the divergences of Z1fL;Rg with the term ZH appearing in the denition
of  tan (3.51).
From diagrams of gure 5.9 we can obtain the sbottom self-energies. The chargino top contribution




























and the Higgs contributions from diagrams 5.9(c) and (d) is simply
Hab(k















lkB0(k;m~qc ;MH) ; (5.25)
with H = (H+; G+;h0; H0; A0; G0), ~q = (~t; ~b), and GHij is the Feynman rule for H ! ~qi ~q0j , with ~q1;2 the
weak eigenstates squarks, divided by −ig [39, 71]4. On the other hand diagram5.9(e) only contributes













Figure 5.10: Feynman diagrams contributing to the one-loop vertex form factors of the decay ~ba ! t −i
in the Yukawa approximation.
to the mass counterterm and mixing wave function renormalization constants,






















with EHij the corresponding Feynman rule of H H
 ! ~b0i ~b0j , ~b1;2 the weak eigenstate squarks, divided by
−ig2 [39].
Then the diagonal wave function renormalization constant is
Z
−
























(m~ba ;Mi;mt) ; (5.27)


















0(m~ba ;m~qc ;MH) : (5.28)
The neutralino-bottom contribution form Fig. 5.9(b) can be easily found by performing the following
transformations in expressions (5.24) and (5.27): substitute mt ! mb, the chargino indices by neutralino
ones i! , and divide the expressions by 2.
The rest of the renormalization constants are computed using the very same expressions of chapter 3
by taking the Yukawa approximation, i.e. by removing the interactions with the gauge bosons (but
maintaining that of the Goldstone bosons) and with the gauginos.
The one-loop Feynman diagrams contributing to the vertex form factors can be seen in Fig. 5.10.
There exists other possible diagrams, but they do not contribute in the Yukawa approximation. From
















+bi(C12 − C11)−Mi iA(b)−biC12 +mtA(b)+bi C0
i
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+bi (C12 − C11) +Mi iA(b)−bi C12 −mtA(b)+bi C0
i
;














C = C(−p; k;mt;m0 ;m~bb) ; (5.29)































Figure 5.11: (a) The SUSY-EW corrections (5.7) as a function of m~t1 ; (b) As in (a), but as a function
of m~b1 . Rest of inputs as in Fig. 5.2.
for diagram 5.10(a), and with the help of the following combinations


















































C0(MimtA(3) +mtmb A(4) +M0MiA
(5) +M0mbA
(8))
− mt (C11 − C12)(MiA(3) +mbA(4) +mtA(6) +M0A(2))











C = C(−p; k;m~tb ;M0;mb) : (5.31)
For the numerical analysis, we follow the directions given in section 5.3. In the relevant large tan
segment under consideration, namely
20 < tan < 40 ; (5.32)
the bottom quark Yukawa coupling b is comparable to the top quark Yukawa coupling, t. Even though
the extreme interval 40 < tan < 60 can be tolerated by perturbation theory, we shall conne ourselves
to the moderate range (5.32). This is necessary to preserve the condition (2.24) for the typical set of
sparticle masses used in our analysis. We point out that the colour stability requirement (2.24) could be
satised independently of tan if the A-parameters would be chosen directly as a part of the set of inputs
and then taken suciently small. Nevertheless this possibility is not so convenient in our analysis where
the sparticle masses are the natural inputs that we wish to control in order to make sure that sparticles
can be produced and decay at the Tevatron as explained in connection to eq.(1.4).
The corresponding corrections ai (5.7) are shown in Figs. 5.11(a) and 5.11(b) as a function of the
lightest stop and sbottom masses, respectively. The allowed range for the sbottom and stop mixing angles
is conditioned by the upper bound on the trilinear couplings and is obtained from eqs.(5.10) and (2.24).
In the physical ~b range, the variation of the correction (5.7) is shown in Fig. 5.12(a). On the other hand
the permitted range for the stop mixing angle, ~t, is much larger and we have plotted the corrections
within the allowed region in Fig. 5.12(b). Notice that the sign of the quantum eects changes within the
domain of variation of ~t. Finally, we display the evolution of the SUSY-EW eects as a function of tan
(Fig. 5.13(a)) and of  (Fig. 5.13(b)) within the region of compatibility with the constraint (2.24).




































Figure 5.12: (a) Evolution of the SUSY-EW corrections as a function of the sbottom mixing angle, ~b,
within its allowed range; (b) As in (a), but as a function of the stop mixing angle, ~t. Remaining inputs
are as in Fig. 5.2.




































Figure 5.13: (a) The SUSY-EW correction as a function of tan; (b) As in (a), but as a function of .
Rest of inputs and notation as in Fig. 5.2.
A few more words are in order to explain the origin of the leading electroweak eects. One could
expect that they come from the well-known large tan enhancement stemming from the chargino-stop
corrections to the bottom mass (Cf. Fig.??(b)). Nonetheless this is only partially true, for in the present
case the remaining contributions (Cf. Figs. 5.8, 5.9 and 5.10) can be sizeable enough. One can also think
on the SUSY counterpart of Fig.??(b), which we have depicted in Fig. 5.14, as an additional leading
contribution, as, in addition to the tan enhancement, has an Aq enhancement. However the addition
of these two kind of contributions does not account for the total behaviour in all of the parameter space.
To be more precise, in the region of the parameter space that we have dwelled upon the bottom mass
contribution is seen to be dominant only for the lightest sbottom decay and for the lowest values of
tan in the range (5.32). This is indeed the case in Fig. 5.12(b) where tan = 20 and therefore the
bottom mass eect modulates the electroweak correction in this process and 11 becomes essentially an
odd function of the stop mixing angle. This fact is easily understood since, as noted above, sbottoms
are mostly chiral {eq. (5.19){ and the ~bR is the only one with couples with b {eq. (2.5). On the other
hand, from Fig. 5.13(a) it is obvious that the (approximate) linear behaviour on tan expected from
bottom mass renormalization becomes completely distorted by the rest of the contributions, especially
in the high tan end. In short, the nal electroweak correction cannot be simply ascribed to a single
renormalization source but to the full Yukawa-coupling combined yield.






Figure 5.14: Finite Feynman diagram contributing to the ~b mixed self-energy in the EW basis.
reason why the electroweak corrections are smaller is in part due to the condition (2.24) restricting our
analysis within the tan interval (5.32). From Figs. 5.12 and 5.13(a) it is clear that outside this interval
the SUSY-EW contributions could be much higher and with the same or opposite sign as the QCD
eects, depending on the choice of the sign of the mixing angles. Moreover, since we have focused our
analysis to sbottom masses accessible to Tevatron, again the theoretical bound (2.24) severely restricts
the maximum value of the trilinear couplings and this prevents the electroweak corrections from being
larger. This cannot be cured by assuming larger values of MH and/or of  due to our assumption that
t! H+ b is operative and because  directly controls the value of the (higgsino-like) chargino nal state
in our decay, so that basically we have jj < m~ba −MH . The restriction cannot be circumvented either
if we assume larger values of m~ta , for it has been shown that too heavy stops are incompatible with the
CLEO data on b ! s γ both at low and high tan [60, 148, 164{170]. We point out that the MSSM
analysis of b! s γ also motivated the sign choice A < 0 in our numerical calculation [60]. Admittedly,
the situation with radiative B-decays is still under study and there are many sources of uncertainties that
deserve further experimental consideration. Still, we have used this information to focus on a limited
domain of the MSSM parameter space.
5.6 Conclusions
In summary, the MSSM corrections to squark decays into charginos and neutralinos can be signicant
and therefore must be included in any reliable analysis of top quark physics at the Tevatron within
the MSSM. The main corrections stem from the strongly interacting sector of the theory (i.e. the one
involving gluons and gluinos), but also non-negligible eects may appear from the electroweak sector
(characterized by chargino-neutralino exchange) at large (or very small) values of tan . Failure of
including these corrections in future studies of top quark physics at the Tevatron, both in the production
and decay mechanisms, might seriously hamper the possibility of discovering clear-cut traces of SUSY
physics from the identication of large non-SM quantum corrections in these processes. As already stated,
we have mainly concentrated on the impact of these quantum signatures in the physics of the Tevatron,
but important eects are also expected for experiments aiming at the production and decay of \obese"
squarks at the LHC. The latter type of squarks could be free of some of the restrictions that have been
considered for the present calculation.
The present study has also an impact on the determination of squark parameters at the LC. The
squark masses used in it are available already for a LC running at a center of mass energy of 800 GeV.
The large corrections of both, the QCD and the EW sector (in the Yukawa approximation), makes them
necessary, not only for prospects of precision measurements in the sbottom-chargino-neutralino sectors,
but also for a reliable rst determination of its parameters.
Chapter 6
Conclusions
In this Thesis we have performed a study of some of the possible phenomenological consequences deriving
from the interactions between the third generation matter supermultiplet and the the super-Higgs boson
sector of the MSSM at the one-level, with especial emphasis on the implications for the top quark and
Higgs-boson physic at the Tevatron collider. We have done so in the on-shell renormalization scheme,
using a physically motivated denition of tan. Our denition of tan has the virtue of automatically
incorporating the one-loop radiative corrections to the most plausible signature of the charged Higgs (if
tan > 2), namely the   channel. Remarkably enough, this denition of tan can also be extended
to the situation when MH > mt for a wide range of heavy charged Higgs masses to be explored at the
LHC rather than at the Tevatron [60,61]. For it turns out that the branching ratio of the charged Higgs
into  never becomes negligible in that range.
 The eects of one-loop EW radiative corrections to the unconventional top quark decay mode
t! H+b are large in the moderate and specially in the high regime of tan, where they can easily
reach values of
EW (t! H+ b) ’ +30% (6.1)
for negative  (and positive At) and a \light" sparticle spectrum (Fig.??), and
EW (t! H+ b) ’ +20% (6.2)
for positive  (and negative At) and heavy sparticle spectrum (Fig.??). In both cases we have sin-
gled out the domain At < 0 of the parameter space, which is the one preferred by the experimental
data on radiative B-meson decays (b! sγ).
The previous results should be compared with the QCD and SUSY-QCD corrections which in
previous studies [42, 48] were shown to reach values of QCD ’ −60%, SUSY−QCD ’ +80% and
SUSY−QCD ’ −40% for the same scenarios. In the perturbative regime of the calculation, the
positive EW corrections attained for  > 0 (At < 0) can be of the same order as they are in
the  < 0 (At < 0) case. Unfortunately, the EW eects never become huge enough so as to
prevent the total MSSM correction from being highly negative for  > 0 (At < 0) { an unlucky
fact which unavoidably leads to a severe suppression of the corresponding branching ratio in this
case. Quite in contrast, in the  < 0 (At < 0) situation there are indeed regions of the parameter
space where the positive EW corrections could be perfectly visible; namely, in those places where
the total QCD correction in the MSSM largely cancels out, e.g. around tan = 30 in Fig. ??(a).
Negative corrections of the same order can be obtained provided At > 0 (Cf. Fig ??(b)).
From these considerations it follows that, if there exists supersymmetric partners of the standard
particles at a scale 100−500 GeV, the unconventional top quark decay mode t! H+ b has a partial
width that diers signicantly from the conventional QCD expectations. In this case the analyses of
the Tevatron data could exclude a region in the tan−MH plane which is substantially modied
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as compared to recent analyses from the Tevatron collaborations. Thus e.g. for a charged Higgs
mass of 110 GeV, and using the conventional QCD corrected value for the decay width Γ(t! H+ b),
present Tevatron data implies that the excluded region is
tan  50 : (6.3)
If, instead, we assume that the charged Higgs belongs to the Higgs sector of the MSSM, then we
nd that the excluded values of tan are
tan  35 ; tan  75 ; (6.4)
for the two scenarios presented above respectively (see Figs ?? and ??). Remarkably there is a
range in the parameter space (characterized by  > 0, At < 0) where no value of the tan−MH
plane is excluded at all by present data on the charged Higgs decay of the top quark. Although in
mSUGRA models in the literature one usually claims At < 0, we already emphasized in chapter ??
that this is not necessary the case, especially at large tan and for suciently large values of the
trilinear Soft-SUSY-breaking parameter, A0, at the unication scale. Thus, also in specic minimal
SUGRA models, one can have At > 0 and so  < 0, which is the most attractive possibility since
one achieves large positive corrections to t! H+ b compatible with BR(b! sγ).
The bulk of the EW corrections is given by the nite corrections to the bottom quark mass (or
the bottom Yukawa coupling), which are proportional to −At -see eq. (??). However, it should
be mentioned that there are cancellations among other sources of signicant corrections. This fact
implies that the rest of the SUSY corrections was not obviously negligible from the very beginning.
Thus, present CLEO data on the partial decay branching ratio BR(b! sγ) [174] favours positive
values of the EW corrections. However, the leading component of the quantum eects is the SUSY-
QCD contribution which depends on the sign of  (rather than that of At). Therefore, in the
end the sign that really matters for this process is that of  alone. The best possible situation for
the charged Higgs decay of the top quark would occur for negative , since then the SUSY-QCD
corrections are positive, and the EW corrections are also positive due to the b ! s γ constraint.
On the other hand, if  is positive, then the total MSSM correction is negative (in spite of the EW
component which must stay positive). In this case the bounds on the (tan;MH) space could
disappear, as we said above. And in these circumstances, as explained in chapter ??, there is an
alternative scenario with relatively light neutral MSSM Higgs boson which in combination with the
negative t ! H+ b searches could strongly point towards the SUSY nature of these Higgs bosons.
As for the one-loop Higgs corrections sector of the MSSM, the over-all correction to the decay under
consideration is very small due to huge cancellations triggered by the SUSY structure of the Higgs
potential to this decay except for very low values of tan (Fig. ??). Work is currently in progress
to determine the eects of these large corrections to the top quark and charged Higgs associated
production at the Tevatron and at the LHC.
 FCNC top quark decays into neutral Higgs particles have been reviewed. The correct inclusion
of the left-right mixing between squarks implies an enhancement of the partial branching ratio
BR(t ! ch) of two orders of magnitude with respect previous estimates. We have performed a
separate analysis of the SUSY-EW and SUSY-QCD eects, with dierent approximations. For the
SUSY-EW sector we have used the super-CKM basis, whereby FCNC are produced through the
charged sector, as in the SM. For the SUSY-QCD estimate we have supposed a non-flavour-diagonal
mass elements in the left-chiral squark matrix. We have applied present bounds from EW precision
data to these elements. The theoretical upper limits of these contributions to the decay width of
the top quark are found to be (Figs. 4.5 and 4.8)
BRSUSY−EW(t! c h) < several  10−6
BRSUSY−QCD(t! c h) < several  10−4 ; (6.5)
and the typical values for this ratio are 10−8 and 10−5 − 10−4 for the SUSY-EW and SUSY-
QCD induced FCNC decays respectively. We have found that the SUSY-QCD induced FCNC
decay widths are at least two orders of magnitude larger than the SUSY-EW ones in most of the
parameter space, thus making unnecessary the computation of both the interference terms and
FCNC EW induced eects through non-flavour-diagonal mass terms. If data improves the bounds
on these mass terms they will become more strict, bringing the SUSY-QCD induced branching ratios
down to the values of the SUSY-EW ones, and then a complete computation would be needed, if
there would be any hope at all to see these eects at the small branching ratio predicted by EW
corrections! The value found for BR(t! ch) is not suciently large to yield measurable eects at
the Tevatron or at the LC1. There is, however, a possibility that this decay mode could be measured
at the LHC.
 If bottom-like squarks are heavy enough they could decay into a top quark and a chargino. This
could serve as an unexpected source of top quarks at the Tevatron, at the LHC, or at the LC. The
radiative corrections to the partial decay width ~b! t − are large, both the QCD and the EW-like
in the Yukawa approximation. In the case of the QCD corrections, they are negative in most of the
MSSM parameter space accessible to Tevatron. These corrections are of the order
QCD(~b1 ! t −1 ) ’ −60%
QCD(~b2 ! t −1 ) ’ −20% (6.6)
for a wide range of the parameter space (Fig. 5.5). In certain corners of this space, though, they vary
in a wide range of values. EW corrections can be of both signs. Our renormalization prescription
uses the mixing angle between squarks as an input parameter. This prescription forces the physical
region to a narrow range when we require that colour breaking vacua is not generated. Within this
restricted region the typical corrections vary in the range (Figs. 5.12, 5.13)
EW (~b1 ! t −1 ) ’ +25% to − 15%
EW (~b2 ! t −1 ) ’ +5% to − 5% ; (6.7)
However we must recall that these limits are qualitative. In the edge of such regions we nd the
largest EW contributions. We stress that in this case it is not possible to narrow down the bulk
of the corrections to just the renormalization of the bottom quark Yukawa coupling. Although it
is true that for moderate values of the parameters (and for the lightest sbottom decay) the nite
threshold corrections to the bottom Yukawa coupling yields most of the contribution, as soon as
we take the parameters away of this central values the total corrections deviate signicantly from
the ones obtained using this only term. More work is presently in progress to generalize this results
to the full SUSY-EW sector, by incorporating the neutralino-like decays, and also the inclusion of
gaugino-higgsino mixing.
Our general conclusion is that the supersymmetric strong and electroweak radiative corrections can be
very important in the top/bottom-Higgs super-sector of the MSSM. Therefore, it is necessary to account
for these corrections in the theoretical computation of the high energy physics observables, otherwise
highly signicant information on the potentially underlying SUSY dynamics could be missed. This is
true, not only for the future experiments at the LHC and the LC, but also for the present Run I data
(and the Run II data around the corner) at the Fermilab Tevatron collider [221].
1Note Added: See however note on section 4.5 (pg. 44).
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3.1 Self-energies sign conventions for the various kind of particles. The gauge bosons are dealt




In this appendix we briefly collect, for notational convenience, the basic vertex functions frequently
referred to in the text. The given formulas are exact for arbitrary internal masses and external on-shell
momenta. Most of them are an adaptation to the g = f+ − −−g metric of the standard formulae of
















[q2 −m21] [(q + p)2 −m22] [(q + p+ k)2 −m23]
; (A.3)
using the integration measure




The two and three-point tensor functions needed for our calculation are the following
[ ~B0; B; B ](p;m1;m2) =
Z
dn~q
[q2; q; qq ]
[q2 −m21] [(q + p)2 −m22]
; (A.5)
[ ~C0; C; C ](p; k;m1;m2;m3) =Z
dn~q
[q2; q; qq ]
[q2 −m21] [(q + p)2 −m22] [(q + p+ k)2 −m23]
: (A.6)
By Lorentz covariance, they can be decomposed in terms of the above basic scalar functions and the
external momenta:
~B0(p;m1;m2) = A0(m2) +m21B0(p;m1;m2) ;
B(p;m1;m2) = pB1(p;m1;m2) ;
B(p;m1;m2) = ppB21(p;m1;m2) + gB22(p;m1;m2) ;
~C0(p; k;m1;m2;m3) = B0(k;m2;m3) +m21C0(p; k;m1;m2;m3) ;
C(p; k;m1;m2;m3) = pC11 + kC12 ;
C(p; k;m1;m2;m3) = ppC21 + kkC22 + (pk + kp)C23 + gC24 ; (A.7)







































2[p2k2 − (pk)2]f−pk[B1(p+ k;m1;m3)−B1(k;m2;m3)− f1C12]
+p2[−B1(p+ k;m1;m3)− f2C12 − 2C24]g ; (A.13)
C24 =
1
2(n− 2)[B0(k;m2;m3) + 2m
2
1C0 + f1C11 + f2C12] ; (A.14)
the factors f1;2 and the matrix Y ,
f1 = p2 +m21 −m22;









The UV divergences for n! 4 can be parametrized as




+ γE − ln(4) ; (A.16)
















− 2 + ln[(x1 − 1)(x2 − 1)]
+x1 ln
x1


























(x; y; z) = [x− (py −pz)2][x− (py +pz)2] ;





































































and we have set, on one hand:
zi1;2 = x1;2(p;m2;m1) ;
zii1;2 = x1;2(p+ k;m3;m1) ;
ziii1;2 = x1;2(k;m3;m2) ; (A.23)
and on the other:
y1 = y0 +  ; y2 =
y0
1−  ; y3 = −
y0






g = −k2 +m22 −m23 ; h = −p2 − 2pk −m22 +m21 ; (A.25)
and  is a root (always real for external on-shell momenta) of
p22 + 2pk + k2 = 0 : (A.26)




B(p;m1;m2)  B0(p;m1;m2): (A.27)

























which has a threshold for jpj = m1 +m2 and a pseudo-threshold for jpj = jm1 −m2j.
